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Advances in Sustainable Catalysis: A
Computational Perspective
Matthew G. Quesne*, Fabrizio Silveri, Nora H. de Leeuw and C. Richard A. Catlow
School of Chemistry, Cardiff University, Cardiff, United Kingdom
The enormous challenge of moving our societies to a more sustainable future offers
several exciting opportunities for computational chemists. The first principles approach
to “catalysis by design” will enable new and much greener chemical routes to produce
vital fuels and fine chemicals. This prospective outlines a wide variety of case studies to
underscore how the use of theoretical techniques, from QM/MM to unrestricted DFT and
periodic boundary conditions, can be applied to biocatalysis and to both homogeneous
and heterogenous catalysts of all sizes and morphologies to provide invaluable insights
into the reaction mechanisms they catalyze.
Keywords: green chemistry, computational chemistry, density functional theory, QM/MM, homogeneous catalysis,
heterogeneous catalysis
INTRODUCTION
The challenge of moving toward a greener and more sustainable society will inevitably require the
drastic transformation of many aspects of modern culture and economy, with all areas of resource
management and production needing radical overhaul (Liu et al., 2015; Little et al., 2016; Bakshi
et al., 2018). From a green chemistry standpoint this means the reengineering of chemical pathways
that: (i) make the most efficient use of natural resources (Hellweg and Canals, 2014; Bakshi et al.,
2015, 2018; Jaramillo and Destouni, 2015), (ii) reduce the volume of hazardous/polluting reagents
and solvents (Clark et al., 2015; Clarke et al., 2018), and (iii) promote the substitution of fossil fuel
resources with renewable alternatives (Gallezot, 2012; Wettstein et al., 2012; Sheldon, 2014, 2016;
Den et al., 2018; Talebian-Kiakalaieh et al., 2018). Achieving all these goals will require the design of
novel and efficient catalysts that are active under mild conditions and can be produced sustainably
without leading to unacceptably high levels of toxic pollutants (Beletskaya and Kustov, 2010;
Polshettiwar and Varma, 2010; Chua and Pumera, 2015; Egorova and Ananikov, 2016). However,
before any of these new catalysts can be developed a fundamental understanding of the properties
of the currently most efficient and environmentally sustainable options has to be obtained, in order
to enable the design of their replacement (Campbell et al., 2016; Hutchings et al., 2016; Pelletier and
Basset, 2016; Friend and Xu, 2017; Chen et al., 2018; Kornienko et al., 2018; Caddell Haatveit et al.,
2019). Computational models have proved to be one of the most efficient and least resource heavy
ways of obtaining such information and have now become an invaluable component in the field as
a whole (Nørskov et al., 2009; Hansgen et al., 2010; Medford et al., 2015; Sutton and Vlachos, 2015;
Greeley, 2016; Grajciar et al., 2018). In recent years, joint experimental and theoretical catalytic
studies have become routine and have proven crucial to any fundamental understanding of catalysis
at the molecular level, which will be underscored in detail in the proceeding example sections of
this perspective (Hirunsit et al., 2015; Van Speybroeck et al., 2015; Yu et al., 2017; Kulkarni et al.,
2018; Zhu et al., 2018).
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Quantum
Mechanical/Molecular Mechanics
Computational chemistry really came of age during the
1960s, with the advent of mainframe computers; however,
early breakthroughs in approximating the wavefunction of
many electron systems date back almost 30 years earlier
with the development of the Møller-Plesset second-order
perturbation wavefunction theory (MP2) (Møller and Plesset,
1934). One major and much more recent development was
the applicability of density functional theory (DFT), especially
after the incorporation of the gradient approximations into the
exchange correlation function (Becke, 1993). However, not all
DFT functionals are created equally and at the turn of the
millennium John Perdew proposed a climbing scale coined the
“Jacob’s ladder” with pure GGA functional near the bottom
and hybrid functionals close to the top (Perdew and Schmidt,
2001; Sousa et al., 2007). In practice, this often means that in
silico homogenous catalytic systems, which are often modeled
with hybrid functionals (Green et al., 2014; Wójcik et al., 2016;
Wojdyła and Borowski, 2016; Delarmelina et al., 2017; Dabral
et al., 2018), produce results that are closer to experimental values
then those obtained when modeling heterogenous catalysts,
where pure GGA are frequently the only efficient functionals
to be implemented periodically (Hammond et al., 2012; Zhao
et al., 2015; Ishikawa et al., 2017; Kunkel et al., 2018; Morales-Gar
et al., 2018; Fang et al., 2019; Wang et al., 2019). Unfortunately,
there is no universal functional and the most appropriate
exchange–correlation term must be assessed on a system specific
basis by benchmarking theoretically obtained electronic or
catalytic properties to those observed experimentally (Laurent
and Jacquemin, 2013; de Visser et al., 2014; Hickey and Rowley,
2014; Cantú Reinhard et al., 2016); additionally, the amount of
Hartree–Fock component included in the exchange component
of the most commonly used hybrid functionals can be modified
to produce a better match between experimental and in silico
values (Reiher et al., 2001; Walker et al., 2013). Increasingly,
the importance of systematically benchmarking the functional of
choice to experimentally determined properties of heterogenous
catalysts is also becoming widely understood (Janthon et al., 2013,
2014; Quesne et al., 2018; Zhang et al., 2018). Implementing such
well-benchmarked quantum mechanical techniques, has led to
an explosion in studies that highlight fundamental aspects of
the reaction mechanisms catalyzed by (i) enzymatic biocatalysts
(Meunier et al., 2004; Li et al., 2012; Quesne et al., 2013; Blomberg
et al., 2014; de Visser et al., 2014), (ii) homogenous catalysts
(Kumar et al., 2010; Prokop et al., 2011; Neu et al., 2014; Sahu
et al., 2014; Yang et al., 2016), and (iii) heterogenous catalytic
materials (Alfredsson and Catlow, 2002; Sun and Liu, 2011;
Cadi-Essadek et al., 2015, 2016; Quesne et al., 2018; Schilling
and Luber, 2018; Silveri et al., 2019). Moreover, when such
techniques are combined with classical molecular mechanics or
dynamics, hybrid QM/MM cluster models can be constructed
that act as relatively computationally inexpensive methods for
studying large catalysts from microporous and mesoporous
materials (O’Malley et al., 2016; Catlow et al., 2017b; Nastase
et al., 2019) to heterogenous nanocatalysts (Xie et al., 2017; Lu
et al., 2019) and are often especially useful during the study
of enzymatic reaction mechanisms (Gao and Truhlar, 2002;
Senn and Thiel, 2007, 2009; van der Kamp and Mulholland,
2013). Indeed, one of the initial motivations for the development
of the QM/MM method in the 1970s was to investigate such
biocatalyzed reaction (Warshel and Levitt, 1976); although,
despite the techniques early development, it was not until
much later that the methodology really came into its own and
the technique started to become widely applied (Field et al.,
1990; Rothlisberger et al., 2000). As previously mentioned,
QM/MM methods are now being increasingly used to model
heterogenous catalysts, for example in modeling catalytic process
in zeolites (Nastase et al., 2019) and supported nano-catalysts
(Xie et al., 2017; Lu et al., 2019). An illustrative example of one
such ionic catalyst is shown in Figure 1, where a QM region
with a circumference of 10 Å has been applied to a slab of
magnesium oxide.
Most QM/MM studies begin with a crystal structure that
is often deposited and stored online, whereby database of
everything from zeolites (Baerlocher and McCusker, 2010) to
enzymes (Berman et al., 2000) as well as the primitive cells of
ionic material (Hellenbrandt, 2014) are available to researchers.
Heterogeneous catalysts tend to be very ordered with relatively
small primitive cells that can be optimized using a 3D periodic
scheme (Ghorbanpour et al., 2014); as incorporated in codes
such as VASP (Kresse and Furthmüller, 1996a), CASTEP (Clark
et al., 2005), and CRYSTAL (Dovesi et al., 2014), prior to
the preparation of a larger supercell for QM/MM treatment.
However, even with heterogenous catalysts, there may be a
need for some post-optimization modification of the crystal
structure to introduce defects and active sites; as is often the case
with zeolites whereby Brønsted acid sites need to be included,
which involves substitution of silicon atoms by aluminum and
charge compensation by protons (Sastre et al., 2002; O’Malley
et al., 2016; Nastase et al., 2019). Conversely, large catalysts with
disordered tertiary structures often require a far more extensive
preparation protocol, which is especially true for enzymatic
catalysts, since it is often impossible to crystallize an active
enzyme/substrate complex and heavy atom positions need to be
modified to create reactant starting structures (Quesne et al.,
2014). Additionally, all residues need to be protonated because
hydrogen atoms do not have enough electron density to be
resolved accurately; which is typically done to a specific pH value
with a PROPKA server (Dolinsky et al., 2007). Finally, since most
crystallization techniques reduce the water content inside the
protein core, a detailed molecular dynamics protocol needs to be
run to solvate themodel using one of the biomolecular force fields
designed specifically for proteins (Oostenbrink et al., 2004; Wang
et al., 2004; Brooks et al., 2009).
Once a working model of the catalyst and substrate is
obtained, the large system needs to be split into a minimum
of two regions. Typically, the much smaller region contains
all the atoms that need to be describe quantum mechanically
(QM region) and the other much larger region contains all the
remaining atoms (MM region); which are described at a much
lower level of theory, often with classical molecular mechanics.
Since creating these regions may necessitate the breaking of
either covalent or ionic bonds, an accurate description of the
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FIGURE 1 | Illustrative representation of a typical QM/MM set-up of an example metal–oxide, MgO. A QM region with a circumference of 10 Å is shown with large red
and green spheres, with point charges colored brown. (A) Top–view from above the slab, (B) side–on from the slab edge.
interactions between different regions is critical for the correct
electronic structure of the QM region. Currently the most
common method for dealing with the valence issue in covalent
systems, such as zeolites and biocatalysts, requires capping
boundary atoms with hydrogen linkers (Senn and Thiel, 2009;
Catlow et al., 2017a). When modeling ionic catalysts, interatomic
potentials are often used to describe the MM region and an
electrostatic embedding protocol is used to provide a countering
polarizing environment to the ions at the border of the QM
region (Bredow et al., 1996; Sokol et al., 2004).
Although, electrostatic embedding is also commonly applied
to QM/MMmodels of covalent catalysts (Field et al., 1990) there
is also the possibility of using a reduced mechanical embedding
approach (Maseras and Morokuma, 1995). Both techniques
model electrostatic interactions between atoms either side of the
QM/MM boundary; however, MM charges are only included
in the QM Hamiltonian with electrostatic embedding, which
makes it the only appropriate methodology for ionic catalysts.
In mechanical embedding protocols, electrostatic interaction
between the two regions are assigned classically and so changes
in the polarization of QM atoms due to electron transport (i.e.,
during a chemical reaction) is unaccounted for by changes in
charge distribution (Chung et al., 2015). Importantly, the use
of an electrostatic embedding protocol often produces results
that are very sensitive to the choice of a given QM region, with
convergence studies reporting that the absolute mean deviation
between 40 different QM regions increased from 1.7 kcal mol−1
to ∼5 kcal mol−1 when moving from a mechanical to an
electrostatic embedding protocol (Hu et al., 2011). Therefore,
the use of an electrostatic embedding protocol may lead to less
accurate results for the study of covalent catalysts in cases where
the boundaries of the QM/MM regions are chosen poorly. This
problem is negated in for example QM/MM case study reported
here, where ChemShell was used as a platform to create quickly
create several different QM regions for benchmarking and the
boundary regions were very carefully chosen to only cut through
sp3 hybridized C–C bonds (Sherwood et al., 2003; Lu et al., 2019).
After a model of the catalyst is created, there are two
major schemes for calculating the reaction landscape. Subtractive
protocols are very commonly used in the study of reaction
landscapes catalyzed by covalent catalysts, such as zeolites
(Namuangruk et al., 2004; Vreven and Morokuma, 2006) and
enzymes (Quesne et al., 2014; Wojdyla and Borowski, 2018).
In two-layer subtractive protocols, only the QM region is
capped with linker atoms because the whole system is also
calculated at the MM level of theory, which would means that
the MM energy of the QM region needs to be subtracted
[EMM(QMregion)] from the total energy to avoid double counting
(see Equation 1). The QM/MM case study presented in this
perspective utilizes the alternative additive approach, shown in
Equation (2), whereby, only the MM region is calculated at
the MM level of theory (EMM). This negates the need for a
subtraction step but requires the addition of a specific coupling
term to describe the QM/MM border region (Eborder), which
includes bonding, electrostatic and Van der Waals interactions
between the two regions (Sherwood et al., 2003). Importantly,
when calculating using a mechanical embedding approach to
calculate energy landscapes for covalent catalysts, it has been
reported that both protocols should provide identical results
(Cao and Ryde, 2018).
EtotalQM/MM = E
whole
MM + EQM
(
QMregion
)
− EMM
(
QMregion
)
(1)
EtotalQM/MM = EMM + EQM
(
QMregion
)
+ Eborder (2)
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Other Computational Techniques
One of the main alternatives to the QM/MM technique for the
study of reaction mechanisms catalyzed by enzymes involves
the use of QM cluster models that focus on the biocatalyst’s
active site region and immediate surroundings. The models
can consist of dozens to hundreds of atoms, which are all
treated with a highly accurate level of computational theory.
Generally, the majority of the substrate binding pocket is
included with priority given to charged hydrophylic residues
that form strong hydrogen bonds or pi-staking interactions with
either the substrate or co-factors, which inevitably are also
included (Siegbahn and Crabtree, 1997; Borowski et al., 2004;
Hernández-Ortega et al., 2014, 2015; Miłaczewska et al., 2018).
Thus, these models should faithfully mimic substrate position
as well as the enzyme’s catalytic activity; however, the need to
add geometric constraints to these models can sometime restrict
substrate mobility. Of course there are many advantages and
disadvantages to both techniques, which have been well discussed
elsewhere (Blomberg et al., 2014; de Visser et al., 2014; Borowski
et al., 2015; Quesne et al., 2016a). Molecular cluster approaches
have also been used successfully to calculate adsorbate energies
and simulate frequencies for many heterogenous catalysts (Haase
and Sauer, 1994; Pelmenschikov et al., 1995, 1998; Zygmunt
et al., 1998; Dangi et al., 2010); however, the neglecting of
long-range Coulomb interactions as well as the lack of realistic
steric constraints can reduce the effectiveness of such techniques
for calculating reaction pathways. Dynamical approaches such
as metadynamics (Barducci et al., 2011; Qian, 2012), umbrella
sampling (Kästner, 2011), transition path sampling (Bolhuis
et al., 2002) as well as many others (Meliá et al., 2012; Roca
et al., 2012), can also be applied to catalyst reactivity, where they
can be very advantageous in the study of free energy landscapes
and rare-events, which is especially true for large systems where
there are many degrees of freedom to be considered along
with many energetically close “representative” transition states
(Tsai et al., 2002). Metadynamics aims to sample the three–
dimensional free energy surface of a reaction landscape using
one of several “collective” variable associated with the transfer
atom(s) (Laio and Parrinello, 2002; Iannuzzi et al., 2003; Ensing
et al., 2005; Laio et al., 2005) and has been extensively applied
to zeolite (Moors et al., 2013; Van Der Mynsbrugge et al.,
2014; Dewispelaere et al., 2015; Hajek et al., 2016; Cnudde
et al., 2017) and enzyme (Petersen et al., 2009; McGeagh
et al., 2011; Lira-Navarrete et al., 2014; Raich et al., 2016;
O’Hagan et al., 2019) catalyzed reaction. Such techniques work
best when a reaction coordinate can be assigned to a simple
set of collective variables that apply to distinct groups inside
the reactant(s); however, in cases where the reaction path is
uncertain more degrees of freedom can be explored using a
transition path sampling protocol. Such methods incorporate
Monte Carlo techniques into a molecular dynamical algorithm to
locate a number of potential transition states connecting different
minima (Bolhuis et al., 2002; Petersen et al., 2009) and have
also been extensively applied to both enzyme (Swiderek et al.,
2014; Althorpe et al., 2016) and zeolite (Lo et al., 2005; Bucko
et al., 2009) catalyzed reaction pathways. Of course, the holy-grail
of modeling is to drive the first-principles design of these very
large macro-catalysts from the ground up using knowledge about
their functional building blocks and related existing catalysts to
predict the three-dimensional structure of the whole in silico.
Exciting developments in this field are being developed for both
microporous (Wells and Sartbaeva, 2015; Nearchou et al., 2018)
and biological catalysts (Zanghellini et al., 2006; Kiss et al., 2013)
and aim to explore a much larger structural space than exists
in the naturally occurring catalysts, opening up the potential
for novel route toward sustainable chemical reactions (Muñoz
Robles et al., 2015; Rodríguez-Guerra et al., 2018).
Neither QM/MM methods nor large restricted cluster model
techniques are required for small homogenous catalysts, where
a reasonable gas phase system can often be created using all of
the catalyst and substrate atoms (Draksharapu et al., 2015; Sahoo
et al., 2015; Greer et al., 2019). However, this is often not the case
for the computational study of heterogenous catalysts, which are
most commonly investigated using a periodic treatment to enable
proper description of the band structure of a solid (Blöchl et al.,
1994; Kresse and Furthmüller, 1996a,b). Notwithstanding the
increased use of many of the advanced techniques as mentioned
above, for these materials it is still extremely common to use
periodic boundary conditions to simulate an infinite solid surface
(Grau-Crespo et al., 2003, 2006; Janthon et al., 2013). It is also
important to note that QM/MM approaches can be especially
unsuitable for calculating metallic catalysts that have extended
states that are not localized to and extend beyond the QM
boundary. Examples of such systems are discussed in the final
section of this perspective, whereby, the electronic properties and
catalytic activity of various transition metal carbides are modeled
in reciprocal rather the real space. The only cases where an
unrestricted, molecular, DFT type protocol may be warranted is
either when the number of atoms in the solid state catalyst are
too few for banding to occur (Abuelela et al., 2012; Liu and Lee,
2012; Feng et al., 2018; Zheng et al., 2018), or when a specific
geometric feature such as an edge site in a strongly ionic or
covalent catalyst is under investigation (Pelmenschikov et al.,
1996; Chieregato et al., 2014; Pasini et al., 2014; Geng et al., 2018).
The example sections that follow, provide case studies where all
these techniques have been applied to a wide range of different
catalysts and work to highlight the potential for improving the
sustainability of various chemical protocols by computationally
led “catalysis by design.”
APPLICATIONS OF QUANTUM
MECHANICS/MOLECULAR
MECHANICS (QM/MM)
Green Biocatalysis of Terminal Olefins
From Fatty Acids
It is widely recognized that there is an urgent need for the
development of sustainable replacements to crude oil (Kerr, 2007;
Shafiee and Topal, 2009; Murray and King, 2012). Sustainable
generation of bio-fuels utilizing biocatalytic pathways from fatty
acid feedstocks has been identified as a promising area of research
(Stephanopoulos, 2007; Kung et al., 2012; Peralta-Yahya et al.,
2012; Straathof, 2014). However, much of these biosynthetic
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FIGURE 2 | Active site region of P450 OleT, from PDB 4L40 (Belcher et al.,
2014) with heme in purple and the fatty acid substrate in dark green. Figure
modified using atomic coordinate reported previously (Ji et al., 2015; Faponle
et al., 2016).
processes require whole cell techniques that reduce efficiency.
Many of the alternative chemical synthesis protocols, used to
transform fatty acids into terminal alkenes, are very far from
green and require palladium catalysts and high temperatures
(Gooßen and Rodríguez, 2004; Liu et al., 2014). In recent years, it
has been reported that the bacterial P450 peroxygenases OleTJE
is able to catalyze the conversion of fatty acids to olefins without
the need for additional cellular electron transfer machinery, since
H2O2 and not O2 is used as the oxidant (Rude et al., 2011;
Wang et al., 2014; Dennig et al., 2015; Grant et al., 2015). These
medium-chain terminal olefins make excellent feedstocks for
biofuels because they can be substituted for diesel without major
engine modification and have improved temperature tolerance
as well as a high energy content (Peralta-Yahya et al., 2012;
Lennen and Pfleger, 2013). However, whilst such research does
offer the possibility of an environmentally friendly route for the
production of bio-fuels, at present, industrial application are
limited by the abundance of side-products (alcohols). Therefore,
before industrial applications can proceed there needs to be
a more fundamental understanding into the origin of the
bifurcation of the olefin and alcohol pathways. Two combined
DFT and QM/MM studies have recently been published that
investigate this bifurcation in depth, with the aim of steering bio-
engineering of OLeTJE to improve product selectivity (Ji et al.,
2015; Faponle et al., 2016), and these studies will be discussed in
our first example section.
As mentioned above OleTJE is a cytochrome P450, a family
of enzymes that are ubiquitous and highly conserved throughout
nature (Groves, 2003; Meunier et al., 2004; Ortiz de Montellano,
2004; Denisov et al., 2005; de Montellano, 2010; Kadish et al.,
2010). Importantly, this enzyme family exhibits an extreme
functional diversity in the reaction mechanisms they catalyze:
from the metabolism of harmful drug molecules in the liver
(Ji et al., 2015), to hormone biosynthesis (Guengerich, 2001;
Posner and O’Neill, 2004; Munro et al., 2007) and they
have also been commercially implemented in the cosmetics
industry (Reinhard and de Visser, 2017). The active site
region of OleT is depicted in Figure 2, and highlights the
conserved thiolate linkage (Cys365) coordinated to an iron
center of the heme co-factor, which are common features
of all P450s (Poulos et al., 1985; Schlichting et al., 2000;
Auclair et al., 2001). This resting state is primed to activate
hydrogen peroxide via a hydrogen atom isomerization to form,
the highly active iron(IV)-oxo heme cation radical species,
Compound I (Cpd I) (de Visser et al., 2003; Shaik et al., 2005;
Rittle and Green, 2010). Whilst there is significant structural
homogeneity amongst the P450s, they often diverge in the
residues close to their active sites; in general those enzyme
that possess relatively tight binding pockets such as P450cam
oxidizing smaller substrate and those who incorporate more
open active regions such as P450BM3 catalyzing larger substrate,
like fatty acids (Gelb et al., 1982; Atkins and Sligar, 1987;
Ruettinger et al., 1989; Davydov et al., 1999). In addition to
the reduction in energy and toxic material consumption, many
P450 isozymes demonstrate improved product regioselectivity
over more conventional catalysts; therefore, their industrial
application could lead to a reduced volume of wasteful side-
products and therefore the biotechnological approach can be
considered superior in terms of environmental sustainability
(Grogan, 2011; O’Reilly et al., 2011). The question then concerns
which aspects of OleTJE causes its atypical product infidelity
and can an in-depth computational investigation of its activity
drive future bio-engineering of this enzyme toward selective
bio-fuel production.
Biofuel Production: What Drives Enzymatic
Regioselective Toward the Olefin
The bifurcated reaction mechanism proposed in Scheme 1, has
been previously validated by computational models that predict
the initial formation of a Cpd I species that exhibits spin-state
selective product distribution (de Visser et al., 2001; Kamachi and
Yoshizawa, 2003; Kumar et al., 2004b; Shaik et al., 2005; Quesne
et al., 2016b). Computational studies that modeled only the first
coordination sphere of Cpd I are in very good agreement with
experimental observations (Rettie et al., 1987; Loch et al., 1995;
Forkert and Lee, 1997; Sadeque et al., 1997; Lee et al., 1998; Wen
et al., 2001; Gunes et al., 2007), whereby in general these models
showed that Cpd I in the doublet spin state predominantly
catalysis alcohol formation via small hydroxyl rebound barriers,
whilst the quartet species can destabilize the radical intermediate
and catalyze a broader range of products (de Visser et al., 2001,
2013). However, in order to confirm the veracity of this proposed
mechanism for OleTJE and to provide a deeper understanding
of the effect of the protein environment on product specificity a
combination of DFT and QM/MM techniques were required (Ji
et al., 2015; Faponle et al., 2016).
These studies initially relied on small DFT models in order
to evaluate the extent to which product specificity was driven
by substrate properties, since in vitro experiments had shown
that a member of this enzyme family catalyzes the exclusive
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SCHEME 1 | Proposed hydroxylation and desaturation pathways, as catalyzed by P450 OleT.
hydroxylation of ethane (ET) to ethanol and the desaturation
of dihydroanthracene (DHA), whilst valpronic acid (VA) can go
through either pathway (Groves and McClusky, 1976). However,
whilst the minimal DFT models did manage to predict the
exclusive production of ethanol from ET, both DHA and VA
showed similar reaction profiles, whereby, the doublet spin state
catalyzed a combination of products via barrierless reaction
mechanisms, whilst the quartet spin state catalyzed only the
alcohol production via much lower hydroxyl rebound barriers.
Therefore, the kinetic control exhibited by this active site model
has proven insufficient for the understanding the different
product selectivity reported for DHA and VA (Groves and
McClusky, 1976). Importantly, this observation indicates that
such a minimal model system may also be insufficient for
the study of regioselectivity in product formation, as catalyzed
by OleTJE. Excitingly, if product selectivity in these cases
can be assigned to environmental factors remote from the
first coordination sphere of the co-factor, then it may be
possible to modify product selectivity through bio-engineering
of OleTJE.
Therefore, to investigate the origin of the lack of fidelity
in product regioselectivity vis-a-vis desaturation vs. α-
hydroxylation of long chain fatty acids, as catalyzed by OleTJE,
a detailed QM/MM protocol was initiated. The QM/MM model
was designed starting from the crystal structure coordinates
of the enzyme/substrate complex (see Figure 2) (Belcher et al.,
2014). These crystal coordinates represent the enzymes resting
state and therefore were modified to approximate the heavy
atoms of the Cpd I active species, in a manner previously
reported (Porro et al., 2009; Postils et al., 2018). Finally,
the active enzyme/substrate reactant species was solvated,
protonated, equilibrated and split into QM and MM regions
before the reaction coordinates could be followed, using a well-
established protocol (Kumar et al., 2011; Quesne et al., 2014). The
QM/MM calculations employ a combination of the CHARMM27
force field (Brooks et al., 2009), as implemented in DL_POLY
(Smith et al., 2002) and UB3LYP/SV(P) method as implemented
in TURBOMOLE (Ahlrichs et al., 1989) with a solvent sphere
of 35Å placed around the whole enzyme/substrate complex.
All calculations were performed using the ChemShell code
(Sherwood et al., 2003) as a platform to run an electrostatically
embedded, additive QM/MM scheme. As hoped, this model
did show that the presence of the protein environment had a
major impact on product selectivity; whereby the ground state
switched from the doublet, found in the small DFT model,
to a quartet. More importantly, the product selectivity also
flips with the decarboxylation barrier reduced from 17.8 to 5.1
kcal mol−1, which is below the 6.6 kcal mol−1 found for the
hydroxyl rebound step. Thus, the ordering of the two barriers
is reversed from that seen with the DFT model, where the
alcohol production was favored by >10 kcal mol−1. A more
detailed study found that this reversal in the barrier ordering
was strongly dependent on the position of the hydrogen atom
that was to be abstracted (Faponle et al., 2016). The energy
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FIGURE 3 | QM/MM model of the ground state radical intermediate of
hydrogen atom abstraction catalyzed by OleTJE. Hydrogen bonding networks
are linked with blue dashed lines and the heme co–enzyme is colored purple.
The MM region is shown as brown secondary structure alpha–helices and
beta–sheets; whilst, all atoms specifically highlighted are included in the QM
region. Figure modified using atomic coordinate reported previously (Ji et al.,
2015; Faponle et al., 2016).
barriers for hydrogen atom abstraction from the beta carbon
of the fatty acid was very slightly lower than that seen with the
alpha carbon. Importantly, hydrogen abstraction at the alpha
position favored the alcohol production, whilst olefin production
was dominant in the slightly more favorable beta radical
intermediate. Intriguingly, while olefin production is favored
using the QM/MM methodology, the two barriers are within
the margin of error of the theory, which could help explain the
mix product distribution seen experimentally (Rude et al., 2011;
Wang et al., 2014,Dennig et al., 2015; Grant et al., 2015).
The hydrogen bonding networks present in the ground
state radical hydroxyl-intermediate are highlighted in Figure 3
and provide an insight into the origin of the reversal of
product selectivity seen between the two methods. Often
the use of a well-designed QM/MM protocol is the only
way faithfully to replicate the local solvation environment
surrounding an enzymes active region (Borowski et al., 2015;
Quesne et al., 2016a). This phenomenon is evident here,
with water networks surrounding the iron(IV)-hydroxo of the
radical intermediate forming a bridge to a guanidine group
of Arg245, which in turn increases the energy required for
the rotation of the hydroxyl group, which is required to
position the correct orbital overlap to initiate a rebound of
the hydroxyl-group toward the substrate radical. Importantly,
OleTJE has an especially large binding pocket, allowing greater
solvation of its active site. The effect of this is obvious when
comparing the active site region of OleTJE to other P450s
such as P450cam, which tend to exclude much of the water
from their active site (Poulos et al., 1987; Auclair et al.,
2001). Thus, these results indicate that OleTJE is able to
effectively elevate the hydroxyl rebound barrier for radical
recombination and therefore enable the pathway toward olefin
production to become competitive. These results taken together
are very encouraging with regard to the potential of directed
bioengineering of a OleT based isoenzymes that is able to
sustainably and selectively produce biofuels from terminal
olefins, without the need for harsh reaction conditions or wasteful
redox partners.
ACTIVE SITE CLUSTER MODELS
The Promise of Sustainable Routes for the
Catalysis of Spin Forbidden O2 Activation
Activating molecular oxygen in its triplet ground state is a very
important step in many industrial processes (Wang et al., 2001;
Liang et al., 2011; Suntivich et al., 2011). However, currently
harsh conditions are generally required along with the use of
a precious metal cofactor, which are in low-earth abundance
and whose extraction has high environmental cost (Murthi
et al., 2004; Zhang et al., 2007; Kotobuki et al., 2009; Widmann
and Behm, 2014). This is due to the high stability and low
reactivity of triplet O2, whose oxidation of substrates is often
spin forbidden. Therefore, it is important to look at nature
in order to develop more sustainable chemical pathway for
oxygen reduction, which also drastically reduces the heavy metal
component of the catalyst (Solomon and Stahl, 2018). However,
most biocatalysts not only require metal cofactors but also
organic co-enzymes, which in turn require the use of whole
cell cultures to be regenerated, and these limitations reduce
the utility of such enzymes in industrial processes (Solomon
et al., 2000; Bugg and Ramaswamy, 2008; Quesne et al., 2015;
de Visser, 2018). There is however, a small subgroup of these
dioxygenases that are able to direct the spin-forbidden triplet
to singlet conversion of molecular oxygen without the need of
either a redox active metal co-factor or a sacrificial organic co-
enzyme (Fetzner and Steiner, 2010). One of the few examples of
this type of enzyme is the (1H)-3-hydroxy-4-oxoquinaldine 2,4-
dioxygenase (HOD), which catalyzes dioxygenation of (1H)-3
hydroxy-4-oxoquinaldine (QND), leading to cleavage of the N-
heteroaromatic ring (Bauer et al., 1996). Therefore, in our second
example section, HOD was chosen as the subject of a couple
of detailed studies (Hernández-Ortega et al., 2014, 2015), based
on the DFT cluster model approach, into the basis of co-factor
and flavin free activation of O2. It is anticipated that a detailed
first-principles understanding of the origin of this activity could
help direct the future design of industrial catalysts that can more
environmentally perform spin-forbidden oxygenation reactions.
Biocatalytic Activity of
Metal-Independent Dioxygenases
These studies employed variable sized DFT models, shown in
Figure 4, where enzyme thermodynamics and kinetics were
determined by models of only the substrate and molecular
oxygen (highlighted in red). Of the two larger active site cluster
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FIGURE 4 | Illustration of the active site region of HOD and a schematic representation of the three DFT cluster models. Model A (red) simply contains the substrate
and O2, Model B (blue circle) also the residues in blue, and Model B includes all residues depicted. Figure modified using atomic coordinate reported previously
(Hernández-Ortega et al., 2014, 2015).
FIGURE 5 | Comparison of the geometric changes between the initial QM/MM optimized structures and those obtained using a DFT cluster model, for three HOD
variants. (I) Wild type HOD, (II) D126A, and (III) H251A. All systems were optimized at B3LYP/6-31+G*/Cluster//QMMM level of theory with important atomic
distances from DFT (left) and QMMM (right) optimization given in Å. Figure modified using atomic coordinate reported previously (Hernández-Ortega et al., 2014, 2015).
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models, the smaller one incorporated only the atoms in the blue
circle, whereby, truncated versions of His251, Asp126, Ser101, and
Trp160 and the backbone of Trp36 were added. The largest cluster
model included all the atoms of the smaller ones as well as
three water molecules and three additional imidazole groups,
representing His38, His100, and His102 (black). Since the initial
study focused purely on the formation of a substrate anion by
a proton abstraction (Hernández-Ortega et al., 2014), oxygen
was only present in the cluster models of the second study
into the rate-limiting spin-forbidden activation of triplet oxygen,
by the activated QND (Hernández-Ortega et al., 2015). The
protocol for setting up the cluster models was very similar to that
discussed in the previous section, whereby, the crystal structure
was initially protonated, solvated, equilibrated and optimized.
The crystal structure of the wild type enzyme was taken from
the protein data bank (PDB) file 2WJ4 (Steiner et al., 2010),
whilst the mutant variants were prepared in silico by modifying
either a carboxylate or an imidazole group. As is shown in
Figure 4, the QM regions of the two mutants lacked atoms for
either a carboxylate or a carboxylate and imidazole group, for
D126A and H251A, respectively. These structures were then
equilibrated and optimized in the same manner described for
OleTJE (above), whereby a solvent sphere of 35 Å was placed
around the whole system and the functional UB3LYP (Lee et al.,
1988; Becke, 1993) in combination with the 6–31G(3d,p) basis
set was used for the QM region. Therefore, whilst for this
example QM/MM was not employed to investigate the kinetics
of QND oxidation by HOD, it was used to obtain cluster model
starting structures that represented protonated, solvated and
optimized coordinates.
This approach was required to obtain reasonable starting
structures for the cluster models, which were also calculated
using the same UB3LYP/6–31G(3d,p) methodology, only this
time implemented in the Gaussian software package (Frisch
et al., 2009). However, after the large cluster models were
excised and optimized it became evident that the two technique
gave radically different geometries, as can be seen in Figure 5.
Much of these effects can be attributed to changes in substrate
orientation that might to some extent be constrained by
residues remote from the active site region. The precise position
of the substrate seems to be significantly model dependent,
although, there does appear to be a general migration away
from hydrogen bonding networks with Trp36 and Ser101,
in all models. Even though it could be argued that either
increasing the cluster size or putting more constraints on
the substrate might increase the match between the reactant
geometries obtained by the two techniques, it was decided
that such techniques would be too costly and could lead
to unphysically high barriers along the reaction path. It is
also important to note that the initial QM/MM optimized
starting structures show there to be barely any effect of residue
modification on substrate positioning, which may indicate that
the QM/MM models are too inflexible to accurately simulate
point-mutations. Alternatively, it is very possible that these
two point-mutations would not be expected to produce a
large amount of tertiary structure changes, and even if they
did would require much more intensive molecular dynamics
TABLE 1 | QND deprotonation by His residues, using active site models of
different HOD variants and minimal models of the His/Asp dyad.
1E + ZPE 1G
WT −0.9 −0.8
D126A 13.1 14.0
H251A 28.0 27.8
His251-H 13.4 13.3
His251-Asp126 1.8 1.8
All Zero point (ZPE) and Gibbs free energies for QND deprotonation were obtained at
UB3LYP/6–31G(3d,p) level of theory. All energies are given in kcal mol−1 and relate the
deprotonated QND to reactant species.
simulations to replicate in silico. In either case, as demonstrated
below, it was shown that the cluster models were sufficient
to provide important electronic insights into the origin of the
experimentally observed differences in catalytic activity between
the different variants.
The first study used a combined experimental and theoretical
(cluster model) approach in order to investigate the preliminary
proton abstraction step, which forms the active substrate anion.
This combination technique underscored the importance of
the histidine/aspartate dyad, since on its own His251 is not
basic enough to abstract a proton from QND. Therefore, a
strong hydrogen bond with Asp126 is required to catalyze
QND deprotonation, which is evident by the >13 kcal mol−1
endothermicity of the smallest model shown in Table 1. These
findings were replicated experimentally with the production of
two mutant variants D126A and H251A, which each targeted
one of the dyad residues with a point-mutation to an alanine.
Eachmutation caused a substantial drop in enzyme activity. Stop-
flow experiments assessed deprotonation rate constants (kH) that
were 5- to 40-fold lower in D126A and too low to measure
in the H251A variant. Importantly, initial optimizations with
both cluster and QM/MM models of wild-type HOD showed
spontaneous proton transfer from the substrate; whilst, a stable
hydrogenated QND species was found in both mutant clusters.
The driving force for these different initial states is validated
by the theoretical models, whereby, the wild-type models were
the only ones to show exothermic deprotonation steps, with the
thermodynamics of the D126A and H251A models pointing the
equilibrium toward (QND)–OH (see Table 1). These substrate
deprotonation energies report the bond formation energy of
the His(x)–H, where His100 substitutes His251 in the H251A
variant, minus the bond dissociation energy of the (QND)-
H bond that is broken. As shown in Table 1, when these
energies are calculated the slightly exothermic nature of the
wild-type cluster model is set against endothermic energies of
>10 kcal mol −1 for D126A and ∼30 kcal mol −1 for H251A.
Finally, it was determined that the origin of the loss in proton
abstraction ability seen in the D126A variant was an increase in
the proton affinity of His251 by 12 kcal mol −1 upon coordination
with Asp126.
At the time of publication, the computational results of the
second study were somewhat controversial (Thierbach et al.,
2014; Silva, 2016). This study focused on the spin-forbidden
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FIGURE 6 | The two calculated reaction mechanisms for the oxidation of QND. The proposed pathway (blue) was assessed as less favorable than the alternative
(red). A graphical representation of the alternative triplet intermediate is also shown (left). Figure modified using atomic coordinate reported previously
(Hernández-Ortega et al., 2014, 2015).
incorporation of triplet oxygen into the singlet product, the
mechanism of which has wide implications for green chemistry.
In this study the authors concluded that the rate-limiting
oxygen activation step proceeded via an initial short lived
oxygen bond triplet intermediate (Hernández-Ortega et al.,
2015). Spin trapping experiments had been used to propose an
alternative mechanism, whereby an initial long range electron
transfer created a superoxo radical species that was then able
to recombine with the substrate radical (see Figure 6) (Müller
et al., 1987; Thierbach et al., 2014; Kralj et al., 2015). However,
the authors of this theoretical study determined that their
calculations indicated the experimentally observed radical could
be more correctly assigned to the radical rearrangement that
transformed the QND(–) substrate into the 3I1 intermediate
with the aid of an elongation of the C2–C3 bond and the
rehybridization of these two carbon centers from sp2 to sp3. The
theoretical findings were additionally strengthened by transient
state stop-flow experiments, which were completely unable to
detect any signature that could have been assigned to the
proposed RCT intermediate. These studies provided a greater
fundamental knowledge of this novel class of dioxygenases that
could have important implications for future development of
novel green catalytic routes to spin forbidden oxygen activation.
These results indicate that the stabilization of a short-lived triplet
intermediate, which last long enough for spin state crossing,
could be key to future catalyst design.
HOMOGENOUS CATALYSTS MODELED
WITH UNRESTRICTED DFT
Oxidation of Methane to Methanol
Using density functional theory (DFT) methodology to
characterize and rationally tune bioinorganic, earth-abundant
and environmentally compatible homogenous catalysts, is
a major field of combined computational and experimental
research (Kumar et al., 2010; Prokop et al., 2011; Neu et al.,
2014; Sahu et al., 2014; Yang et al., 2016). DFT techniques
have been used to study the selective halogenation (Quesne
and de Visser, 2012), nitrogenation (Timmins et al., 2018),
and oxygenation (Jastrzebski et al., 2014) abilities of many
such catalysts. Indeed, work on the selective dioxygenation
of catechol by tris(2-pyridylmethyl)amine (TPA) has shown
promise for the potential of a sustainable, green-catalytic route
for nylon production via dimethyl adipate (Jastrzebski et al.,
2013, 2014). Homogenous catalysts are often able to catalyze
reaction mechanisms selectively at far lower temperatures and
pressures then conventional routes. Indeed, selectivity can be
one of the most important environmental benefits of choosing
homogenous catalysts because of the increased yields and
lower side-products. However, it is important to consider the
potential of homogeneous catalysts increasing the volumes of
contamination and waste, as well as the excess energy required
for product separation and catalyst recycling, which is often
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greater than observed using heterogenous catalysts (Lam et al.,
2010; Tan et al., 2013). Therefore, it is crucial to consider to
what extent there could be an overall environmental benefit
to using homogenous catalysis over the more conventional
heterogenous routes (Corma and García, 2003; Astruc, 2007;
Baroi and Dalai, 2015). The example catalyst presented here,
is very novel for possessing the ability of converting methane
to methanol at low temperatures and ambient pressures
(Kudrik and Sorokin, 2008; Sorokin et al., 2008, 2010; Isci
et al., 2009; Kudrik et al., 2012). Whilst the reactivity of
this bio-mimetic catalyst has been well characterized, the
origin of its efficiency was poorly understood. Therefore, a
detailed an in-depth computational study was undertaken
to understand the aspects of its catalysis that enabled such
high activity toward methane hydroxylation, so that such
a fundamental understanding of reactivity could be used
to further improve the activity of this or related catalysts
(Quesne et al., 2016b).
As discussed in the olefin production section, the P450
super family of enzymes are amongst the most efficient and
powerful catalysts for oxidizing C-H bonds. However, despite
the extreme amount of substrate diversity, there is no natural
pathway that utilized a P450 isoenzyme and is also powerful
enough to activate the 104.9 kcal mol −1 strong C–H bond
of methane. In fact, under guest/host activation conditions,
methane was the only short chain alkane that P450BM3 was
unable to oxidize (Kawakami et al., 2011, 2013; Zilly et al.,
2011). Bioengineering does a little better than nature with
CYP153A6 actually showing some oxidation activity toward
methane, although, with an extremely slow turnover frequency
of 0.02–0.05 (Chen et al., 2012). These observations are in
stark contrast with the µ-nitrido-bridged diiron-oxo porphyrin
catalyst discussed in this section, which has demonstrated high
oxidative activity toward methane and is based on a dimer of
two of the co-enzymes found in P450s (Kudrik and Sorokin,
2008; Sorokin et al., 2008, 2010; Isci et al., 2009; Kudrik et al.,
2012). The active site of P450 enzymes consists of thiolate
linked iron-oxo porphyrin (see Figure 1). Importantly, the
observation that the use of perfluoro-carboxylic acid to enable
alkane activation by P450BM3 proved insufficient for methane
oxidation provides evidence against a mechanism whereby
the lack of P450 activity is simply due to the absence of a
isoenzyme that is able to accommodate methane in its active
site (Kawakami et al., 2011, 2013). An alternative explanation
for the inferior activity, toward the oxidation of methane,
demonstrated by P450s over the diiron porphyrin catalysts
is seen in the numerous studies into the effect of different
axial ligands in the catalytic activity of iron-porphyrins (Gross
and Nimri, 1994; Czarnecki et al., 1996; Song et al., 2005;
Takahashi et al., 2012). Regardless of the relative importance of
either of these affects, the origin of the massive improvement
seen in the diiron porphyrin dimer above the mono-porphyrin
bio-catalyst is of crucial important for the future design
of the next generation of powerful oxidants for sustainable
methanol production.
Origin of the Catalytic Activity of
Diion(IV)oxo Porphyrinod
Over the years, a minimum model of Compound I (see 1,
Figure 7) has been extensively tested and proved to be sufficient
for explaining the first coordination sphere P450s (Yoshizawa
et al., 2001; de Visser et al., 2004; Shaik et al., 2005), which is
the same model ([FeIV(O) (Por+) −SH]) that was mentioned
in our first example section and consisted of an iron-porphyrin
coordinated by an oxo group trans to an SH, representing
the axial cysteine. The µ-nitrido-bridged diiron-oxo porphyrin
model (see 2, Figure 7) replaces the SH group for a nitrogen,
which became a linker for a second iron-porphyrin. The DFT
calculations were performed without any geometric restrictions
on any of the atoms in the model systems and full optimizations
were undertaken for each minima using UB3LYP (Lee et al.,
1988; Becke, 1993), in combination with the initial double-ζ
basis set 6–31G (Ditchfield et al., 1971) on all atoms except for
Fe where LACVP with a Neon core potential was implemented
(BS1). Subsequently, single point gas-phase and solvent corrected
calculation were run using the same functional in combination
with the polarizable and defuse triple-ζ basis sets 6–311+G(d,p)
and LACV3P+ (BS2). Free energy values were calculated at
298.15K and 1 atmosphere of pressure, with such a protocol being
well benchmarked previously (de Visser, 2010).
Figure 7 shows the free energy landscapes for the methane
to methanol reaction as catalyzed by both model catalysts. Since
the energy barriers associated with the hydrogen atom transfer
(HAT) on both the doublet and quartet spin state surfaces are
the same to the first decimal place for catalyst 1, the energy
landscapes of both are considered. This spin state derived
bifurcation in the pathways catalyzed by CpdI is in excellent
agreement with multiple different studies (de Visser et al., 2003,
2014; Kumar et al., 2004a,b) and stands in sharp contrast to the
diiron porphyrin dimer catalyst (2), which exhibits a doublet
ground state with a rate-limiting step that is well separated (by
>40 kcal mol −1) from the hydrogen atom abstraction barrier on
the quartet energy landscape. Such a dominant doublet ground
state is also in excellent agreement with previous work on 2
(Silaghi-Dumitrescu et al., 2011; Ansari et al., 2015; Is¸ci et al.,
2015). Therefore, only the low spin state surface of 2 is included in
Figure 7. The reaction mechanism for both catalysts proceeds via
a rate-limiting hydrogen atom abstraction transition state (TSHA)
leading to a radical hydroxyl intermediate (IH), which is capable
of forming methanol (POH) through radical recombination with
the methyl radical following a hydroxyl rebound barrier (TSOH).
The decrease in the free energy barrier for TSHA of 13.6 kcal mol
−1 for 2 over 1 corresponds to a rate enhancement of ∼1010.
Indeed, such a low barrier would imply that 2was able to catalyze
the oxidation of methane at room temperature, which has been
observed experimentally (Sorokin et al., 2008). The bond length
shown in Figure 7 show that the high energy TSHA seen in 1
is considerably more product like with a shorter O-H and a
longer C-H distance than is the case for 2TSHA. Notwithstanding
these differences, both transition states are generally product
like, which was expected and is a consistent trend in methane
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FIGURE 7 | Free energy methane hydroxylation pathways as catalyzed by the µ-Nitrido-Bridged diiron porphyrin (1) and CpdI (2). Energies calculated at
UB3LYP/BS2//UB3LYP/BS1 level of theory and given in kcal mol −1 relative to the reactant species. Figure modified using atomic coordinate reported previously
(Quesne et al., 2016b).
hydroxylation barriers (Yoshizawa et al., 2001; de Visser et al.,
2004; Shaik et al., 2008).
The divergence in the performance of these two catalysts
can be explained by differences in the electronic structure with
regard to the location of valence electrons, as shown in Figure 8.
The valence electrons for CpdI (1) are shown on the left and
have an occupancy of pi2xz, pi
2
yz, pi
∗1
xz , pi
∗1
yz dominated by the
Fe(IV)oxo combined with a singly occupied a12u on the heme
cation radical. Therefore, CpdI has a ground state with a total
of three unpaired electrons and the close lying doublet and
quartet spin state only diverge electronically by either anti-
ferromagnetically or ferromagnetically coupled heme and FeO
orbitals (de Visser et al., 2003; Porro et al., 2009). In 2 the eight
valence electrons of an axial Fe(IV)-nitrido mix with the seven
of the Fe(IV)oxo and the energy of the a2u orbitals of both
porphyrins are lowered to give an occupancy of pi2x1, pi
2
y1, pi
2
x2,
pi2y2, a
2
2u,1, a
2
2u,2, pi
∗2
x3 , pi
∗1
y3 . For simplicity only the two occupied
anti-bonding pi– orbitals as well as the highest lying a2u orbital
is included in Figure 8. In retrospect such a change is not
unexpected since it has been determined that mixing between
the 3PZ orbital on the axial Sulfur atom, which is absent in 2,
and the a2u porphyrin orbital raises the latter’s energy above
that of the pi FeO orbitals and leads to the porphyrin radical
in 1 (Ogliaro et al., 2001). However, the degree to which this
change affects the electron and proton affinities of 2 is somewhat
more surprising, since research has indicated that the kinetics of
HAT reactions is usually correlated to the thermodynamics of
hydrogen atom binding (BDEOH) (Friedrich, 1983; Bordwell and
Cheng, 1991; Mayer, 1998). Figure 9 breaks down the BDEOH
of both catalysts into electron (EA) and proton (1acid) affinity
components. Therefore, for each catalyst BDEOH =1acid – EA –
IEH, whereby (IEH) describes the ionization energy of a hydrogen
atom. It is clear from Figure 9 that whilst the electron affinity
of the FeO is greater by ∼ 29 kcal mol−1 in the CpdI mimic
this is more than compensated by the >35 kcal mol−1 increase
basicity of the anionic species of 2, which is consistent with other
studies that show the dominance of1acid inBDEOH (Green et al.,
2004; Parsell et al., 2009). Therefore, it is the increase basicity
of the µ-nitrido-bridged diiron-oxo porphyrin that is the origin
of its increased activity and any attempt to further design this
powerful oxidant will have to consider carefully the consequences
of attempting to improve the election affinity by addition of axial
ligands, which could lead to a loss in the orbital reorganization
that is critical to increasing 1acid .
HETEROGENOUS CATALYSIS MODELED
WITH PERIODIC BOUNDARY CONDITIONS
Catalytic Activity of Transition
Metal Carbides
Transition metal carbides (TMCs) are a class of material known
for their catalytic activity since 1973 (Levy and Boudart, 1973).
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FIGURE 8 | Valence bond diagram of methane hydroxylation by models of P450 CpdI (A) and the Diiron porphyrin catalyst (B).
FIGURE 9 | Theoretically determined free energy values for the hydrogenation of catalysts 1 and 2. All solvent corrected free energies were obtained at
UB3LYP/BS2//UB3LYP/BS1 level of theory and are given in kcal mol−1.
These materials present different stoichiometries and structures
depending on the position of the metal in the periodic table: Ti
and Zr, on the left-hand side of the d-series, form stable and
non-defective monocarbides, while metals toward the center of
the periodic table present a lower carbon content, as seen in
the widely studied case of Fe3C (Häglund et al., 1993; Oyama,
2008). All these materials, however, are considered valuable for
industrial applications because of their relatively low cost, high
durability and melting points as well as their catalytic activity
(Hwu and Chen, 2005; Qi et al., 2013). TMCs have been tested for
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FIGURE 10 | Correlation between 1Eads of a single hydrogen molecule (red dots) and the d-band centers (blue columns) on different carbides and surfaces. (Left)
Shows the values for ZrC over the four investigated surfaces, (Right) shows the values for (001) surfaces over the four carbides.
a wide variety of catalytic reactions, especially hydrogenation and
dehydrogenation reactions for which their activity has proved to
be qualitatively similar to that of Pt (Levy and Boudart, 1973;
Delannoy et al., 2000). One such avenue of research, that exploits
TMCs as catalysts for the hydrogen evolution reaction (HER), is
particularly relevant to environmentally sustainable chemistry,
as it is considered to be a key element in the transition from
a fossil fuel-based to a hydrogen-based economy. The HER is
the focus of a large amount of research interest worldwide for
its role in alkaline water electrolysis, which produces highly
pure H2, and in hydrogen fuel cells; both these applications
make use of Pt as a catalyst to lower the overpotential required
to perform the reaction down to appropriately 0.2 eV, but
the cost and scarcity of the element (Yang, 2009), as well
as the questionable environmental sustainability of Pt mining
(Maboeta et al., 2006; Saurat and Bringezu, 2008; Glaister and
Mudd, 2010) have driven the research toward catalysts composed
of more earth-abundant elements such as TMCs. A related
application, is the catalytic reduction of CO2 with H2, which
usually aims at the production of CO or CH3OH, often requiring
a surface-mediated proton transfer to transformCO2 into COOH
(Posada-Pérez et al., 2017a).
The bulk and surface properties of TMCs have been well
characterized in the past few years (Vines et al., 2005; Quesne
et al., 2018), but fewer computational studies have been
performed on their catalytic activity. Adsorption and activation
studies have been performed for both H2 and CO2 for a wide
range of early- and mid-series TMCs, with all of these studies
modeling low-index surfaces of the catalysts using periodic
boundary conditions. The (001) surfaces of MoC and Mo2C, the
latter being either Mo- or C-terminated, have been the focus
of a work from Posada-Pérez et al. on hydrogen adsorption
(Posada-Pérez et al., 2017b), which found stable, dissociative
adsorption of H2 on all three materials with no activation barrier
when dispersion interaction correction is taken into account. The
adsorption is found to occur primarily on top of surface carbon
atoms on both materials, with adsorption energies calculated
with the Perdew–Burke–Ernzerhof (PBE) (Perdew et al., 1996)
functional in the −1 to −2.5 eV range, whilst consistently higher
on the metal-rich carbide. Similarly, a study from Silveri et al.
(2019) investigated the adsorption of H2 on TiC, VC, ZrC,
and NbC, using a combination of periodic boundary conditions
and the PBE functional, found adsorption to be exothermic
on these systems’ (001) surfaces as well. Unlike the former,
however, this study was extended to the (011) and (111) surfaces
as well, in order to obtain a more complete picture of the
reactivity of the material. These data highlighted how the stability
of the (001) surface is correlated with a lower reactivity on
all carbides. More generally, all monocarbides show similar
geometric and electronic properties of the adsorption, with the
only major difference between the carbides being the strength
of the adsorption in most cases. The exceptions are the carbon
termination of the (111) surfaces of TiC and VC, which are found
to be unstable in presence of hydrogen. However, the availability
of adsorption energy data for all low-index surfaces across four
carbides allowed these to be correlated with surface properties
such as work function and d-band center position, as shown for
the latter in Figure 10.
Higher coverage states have also been investigated, observing
a decrease in the adsorption energy per atom as well as a similar,
although not linear, decrease in work function, attributable to
the electron transfer from the adsorbed hydrogens to the metallic
slab. The coverage states of each surface of the four carbides were
also predicted at a wide range of temperatures and pressures, and
correlated with the tendency of the hydrogen either to adsorb on
or desorb from the surface. As a result, it was shown how the
strength of the C–H and M–H bonds on the (011) and (111)
surfaces is predicted to hinder the feasibility of catalytic reactions
such as HER on all higher-index surfaces. Conversely, the (001)
surface - previously shown to be the lowest energy termination,
shows a rapidly changing coverage state, suggesting its potential
as an active termination for catalytic reactions involving a surface
mediated hydrogenation and further elucidating the mechanistic
details of the catalytic activity of the carbides. Figure 11 shows
the hydrogen coverage states as a function of the H2 chemical
potential for the TiC (001) surface.
MoC and Mo2C have also been studied computationally for
their capability to adsorb CO2 and dissociate it to CO (Posada-
Pérez et al., 2014). These studies show how both materials
effectively activate carbon dioxide and in the case of the far more
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FIGURE 11 | Surface free energies of surfaces in different hydrogenation
states as a function of the chemical potential of gaseous hydrogen above the
TiC (001) surface. The letter Ŵ indicates the number of atoms on the surface of
the catalyst, with Ŵ = 0 and Ŵ = 8 corresponding, respectively to a coverage
of 0ML and 1ML.
active Mo2C material, it is also possible to observe spontaneous
dissociation. These studies, albeit not elucidating the catalytic
behavior of early- and mid-series transition metal carbides
completely, provide a powerful basis for further theoretical and
experimental work on the catalytic activity of these materials
for reactions such as HER, CO2 reduction and inverse water-
gas shift and demonstrate the power of the periodic DFT
approach to highlight fundamental properties of heterogenous
catalyst. The elucidations of the mechanistic aspects of such
reactions will help greatly in the development of the sustainable
generation of fuels and chemicals as well as guiding the
future design of the catalytic component of the hydrogen
fuel cell—a challenge for which innovative catalysis is of
paramount importance.
SUMMARY AND CONCLUSIONS
The urgent need for society to move toward a greener and
more sustainable future presents a very exciting opportunity for
catalytic chemists. Many of the necessary changes in resource
management and increased energy efficiency will be propelled
by the directed design of new catalysts, for which a detailed
theoretical understanding of the activity of current catalysts is
a crucial part. Many very different computational techniques
are being applied to the characterization of novel catalysts as a
preliminary step to the engineering of new and much greener
chemical route to important products. The implementation of
a QM/MM protocol to the challenge of bioengineering the
enzyme OleTJE, in order to increase its selectivity toward olefin
production is explored in the first case study. This study indicates
that the enzyme was able to effectively elevate a hydroxyl
radical recombination barrier which leads to the alternative olefin
pathway becoming competitive. This process is modulated by
changes in the local solvation environment so there could be the
potential to bioengineer anOleT isoenzyme to selectivity produce
olefin for a sustainable route to bio-fuel production. The next case
study used restricted cluster model calculations to investigate
the ability of HOD to catalyze spin-forbidden oxygen activation.
Interestingly, this study did not confirm the experimentally
proposed reaction mechanism, but instead offered the potential
for a novel green catalytic route for the activation of molecular
oxygen via the stabilization of a triplet intermediate dioxygen
species. The third case study explored the reactivity of a novel
µ-nitrido-bridged diiron-oxo porphyrin that was able to catalyze
the methane to methanol reaction under very mild conditions.
This study used unrestricted DFT methods to determine that the
acidity of the FeO anion was mostly responsible for its increased
activity over the related mono-oxygen porphyrin catalysts. These
results indicated that any improvement of the catalyst could not
be made by sacrificing the novel orbital mixing along the Z-axis.
Therefore, simply increasing the electron affinity of the FeO by
binding a strong electron withdrawing group in the axial position
is likely to be counterproductive. Finally, we consider several
periodic DFT studies into the electronic properties and catalytic
abilities of the low-index facets of early transition metal carbides.
These studies point to the possibility of green catalytic routes
toward the production of fuels and useful chemicals from the
utilization of the green-house gas carbon dioxide; as well as the
potential for these materials to be used as catalysts in hydrogen
fuel cells.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.
FUNDING
This work was funded by both Cardiff University and an EPSRC
under the Low Carbon Fuels initiative.
ACKNOWLEDGMENTS
The authors thank Stefan Nastase for his help and expertise in the
area of Zeolite computational chemistry.
REFERENCES
Abuelela, A. M., Mohamed, T. A., and Prezhdo, V. O. (2012). DFT
simulation and vibrational analysis of the IR and Raman spectra of
a CdSe quantum dot capped by methylamine and trimethylphosphine
oxide ligands. J. Phys. Chem. C. 116, 14674–14681. doi: 10.1021/jp30
x‘3275v
Ahlrichs, R., Bar, M., Haser, M., Horn, H., and Kölmel, C. (1989).
Electronic structure calculations on workstation computers:
the program system Turbomole. Chem. Phys. Lett. 162,
165–169.
Alfredsson, M., and Catlow, C. R. A. (2002). A comparison between metal
supported C-ZrO2 and CeO2. Phys. Chem. Chem. Phys. 4, 6100–6108.
doi: 10.1039/b204680f
Frontiers in Chemistry | www.frontiersin.org 15 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
Althorpe, S. C., Ananth, N., Angulo, G., Astumian, R. D., Beniwal, V., Blumberger,
J. et al. (2016). Non-adiabatic reactions: general discussion. Faraday Discuss.
195, 311–344. doi: 10.1039/C6FD90078J
Ansari, M., Vyas, N., Ansari, A., and Rajaraman, G. (2015). Oxidation
of methane by an N-bridged high-valent diiron–oxo species: electronic
structure implications on the reactivity. Dalt. Trans. 44, 15232–15243.
doi: 10.1039/C5DT01060H
Astruc, D. (2007). Palladium nanoparticles as efficient green homogeneous and
heterogeneous carbon-carbon coupling precatalysts: a unifying view. Inorg.
Chem. 46, 1884–1894. doi: 10.1021/ic062183h
Atkins, W. M., and Sligar, S. G. (1987). Metabolic switching in cyctochrome
P-450cam: deuterium isotope effects on regiospecificity and the
monooxygenase/oxidase ratio. J. Am. Chem. Soc. 109, 3754–3760.
doi: 10.1021/ja00246a038
Auclair, K., Moënne-Loccoz, P., and de Montellano, P. R. (2001). Roles of the
proximal heme thiolate ligand in cytochrome P450cam. J. Am. Chem. Soc. 123,
4877–4885. doi: 10.1021/ja0040262
Baerlocher, C., andMcCusker, L. B. (2010).Database of Zeolite Structures.Available
online at: http://www.iza-structure.org/databases/ (accessed March 24, 2019).
Bakshi, B. R., Gutowski, T. G., and Sekulic, D. P. (2018). Claiming sustainability:
requirements and challenges. ACS Sustain. Chem. Eng. 6, 3632–3639.
doi: 10.1021/acssuschemeng.7b03953
Bakshi, B. R., Ziv, G., and Lepech, M. D. (2015). Techno-ecological synergy: a
framework for sustainable engineering. Environ. Sci. Technol. 49, 1752–1760.
doi: 10.1021/es5041442
Barducci, A., Bonomi, M., and Parrinello, M. (2011). Metadynamics. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 1, 826–843. doi: 10.1002/wcms.31
Baroi, C., and Dalai, A. K. (2015). Process sustainability of biodiesel production
process from green seed canola oil using homogeneous and heterogeneous acid
catalysts. Fuel Process. Technol. 133, 105–119. doi: 10.1016/j.fuproc.2015.01.004
Bauer, I., Max, N., Fetzner, S., and Lingens, F. (1996). 2,4-Dioxygenases catalyzing
N-heterocyclic-ring cleavage and formation of carbon monoxide. purification
and some properties of 1H-3-hydroxy-4-Oxoquinaldine 2,4-dioxygenase from
Arthrobacter sp. Ru61a and comparison with 1H-3-Hydroxy-4-Oxoquinoline
2,4-Dio. Eur. J. Biochem. 240, 576–583. doi: 10.1111/j.1432-1033.1996.0576h.x
Becke, A. D. (1993). Density-functional thermochemistry. III. The role of exact
exchange. Chem. Phys. 98, 5648–5652.
Belcher, J., McLean, K. J., Matthews, S., Woodward, L. S., Fisher, K., Rigby,
S. E. J., et al. (2014). Structure and biochemical properties of the alkene
producing cytochrome P450 OleTJE (CYP152L1) from the Jeotgalicoccus sp.
8456 bacterium. J. Biol. Chem. 289, 6535–6550. doi: 10.1074/jbc.M113.527325
Beletskaya, I. P., and Kustov, L. M. (2010). Catalysis as an
important tool of green chemistry. Russ. Chem. Rev. 79, 441–461.
doi: 10.1070/RC2010v079n06ABEH004137
Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H.,
et al. (2000). The protein data bank nucleic acids research. Nucleic Acids Res.
28, 235–242. doi: 10.1093/nar/28.1.235
Blöchl, P. E., Jepsen, O., and Andersen, O. K. (1994). Improved tetrahedron
method for Brillouin-zone integrations. Phys. Rev. B. 49, 16223–16233.
doi: 10.1103/PhysRevB.49.16223
Blomberg, M. R., Borowski, T., Himo, F., Liao, R.-Z., and Siegbahn, P. E. (2014).
Quantum chemical studies of mechanisms formetalloenzymes.Chem. Rev. 114,
3601–3658. doi: 10.1021/cr400388t
Bolhuis, P. G., Chandler, D., Dellago, C., and Geissler, P. L. (2002). Transition path
sampling : throwing ropes over rough mountain passes, in the dark. Annu.
Rev. Phys. Chem. 53, 291–318. doi: 10.1146/annurev.physchem.53.082301.
113146
Bordwell, F. G., and Cheng, J. (1991). Substituent effects on the stabilities of
phenoxyl radicals and the acidities of phenoxyl radical cations. J. Am. Chem.
Soc. 113, 1736–1743. doi: 10.1021/ja00005a042
Borowski, T., Bassan, A., and Siegbahn, P. E. M. (2004). 4-Hydroxyphenylpyruvate
dioxygenase: a hybrid density functional study of the catalytic
reaction mechanism. Biochemistry. 43, 12331–12342. doi: 10.1021/
bi049503y
Borowski, T., Quesne, M., and Szaleniec, M. (2015). “QM and QM/MM methods
compared: Case studies on reaction mechanisms of metalloenzymes”. Advances
in Protein Chemistry and Structural Biology, Vol. 100 ed T. Karabencheva-
Christova (Oxford: Elsevier), 187–224.
Bredow, T., Geudtner, G., and Jug, K. (1996). Embedding procedure for
cluster calculations of ionic crystals. J. Chem. Phys. 105, 6395–6400.
doi: 10.1063/1.472492
Brooks, B. R. III., Brooks, C. L. III, Mackerell, A. D., Nilson, L., Petrella, R. J., Roux,
B., et al. (2009). CHARMM: the biomolecular simulation program. J. Comput.
Chem. 30, 1545–1614. doi: 10.1002/jcc.21287
Bucko, T., Benco, L., Dubay, O., Dellago, C., and Hafner, J. (2009). Mechanism of
alkane dehydrogenation catalyzed by acidic zeolites: Ab initio transition path
sampling. J. Chem. Phys. 131:214508. doi: 10.1063/1.3265715
Bugg, T. D., and Ramaswamy, S. (2008). Non-heme iron-dependent
dioxygenases: unravelling catalytic mechanisms for complex enzymatic
oxidations. Curr. Opin. Chem. Biol. 12, 134–140. doi: 10.1016/j.cbpa.2007.
12.007
Caddell Haatveit, K., Garcia-Borràs, M., and Houk, K. N. (2019). Computational
protocol to understand P450 mechanisms and design of efficient
and selective biocatalysts. Front. Chem. 6:663. doi: 10.3389/fchem.201
8.00663
Cadi-Essadek, A., Roldan, A., and de Leeuw, N. H. (2015). Ni deposition on yttria-
stabilized ZrO 2 (111) surfaces: a density functional theory study. J. Phys. Chem.
C. 119, 6581–6591. doi: 10.1021/jp512594j
Cadi-Essadek, A., Roldan, A., and de Leeuw, N. H. (2016). Density functional
theory study of the interaction of H2O, CO2 and CO with the ZrO2 (111),
Ni/ZrO2 (111), YSZ (111) and Ni/YSZ (111) surfaces. Surface Sci. 653, 153–162.
doi: 10.1016/j.susc.2016.06.008
Campbell, C., van Santen, R., Stamatakis, M., Collis, N., Freund, J. H., Plaisance,
C., et al. (2016). Catalyst design from theory to practice: general discussion.
Faraday Discuss. 188, 279–307. doi: 10.1039/C6FD90016J
Cantú Reinhard, F. G., Faponle, A. S., and De Visser, S. P. (2016). Substrate
sulfoxidation by an Iron(IV)-Oxo complex: benchmarking computationally
calculated barrier heights to experiment. J. Phys. Chem. A. 120, 9805–9814.
doi: 10.1021/acs.jpca.6b09765
Cao, L., and Ryde, U. (2018). On the difference between additive and subtractive
QM/MM calculations. Front. Chem. 6:89. doi: 10.3389/fchem.2018.00089
Catlow, C. R. A., Buckeridge, J., Farrow, M. R., Logsdail, A. J., and Sokol,
A. A. (2017a). “Quantum Mechanical/Molecular Mechanical (QM/MM)
Approaches,” in Handbook of Solid State Chemistry, eds R. Dronskowski, S.
Kikkawa, and A. Stein (Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA),
647–680.
Catlow, C. R. A., Van Speybroeck, V., and van Santen, R. (2017b). Modelling
and Simulation in the Science of Micro- and Mesoporous Materials. (Oxford:
Elsevier).
Chen, M.M., Coelho, P. S., and Arnold, F. H. (2012). Utilizing terminal oxidants to
achieve P450-catalyzed oxidation of methane. Adv. Synth. Catal. 354, 964–968.
doi: 10.1002/adsc.201100833
Chen, W. J., Xu, R.-N., Lin, W., Sun, X., Wang, B., Wu, Q.-H., et al. (2018).
DFT studies on Ni-mediated C-F cleavage for the synthesis of cyclopentadiene
derivatives. Front. Chem. 6:319. doi: 10.3389/fchem.2018.00319
Chieregato, A., Fornasari, G., Cavani, F., Mella, M., Bandinelli, C., and
Velasquez Ochoa, J. (2014). On the chemistry of ethanol on basic oxides:
revising mechanisms and intermediates in the lebedev and guerbet reactions.
ChemSusChem. 8, 377–388. doi: 10.1002/cssc.201402632
Chua, C. K., and Pumera, M. (2015). Carbocatalysis: the state of metal-free
catalysis. Chem. A Eur. J. 21, 12550–12562. doi: 10.1002/chem.201501383
Chung, L. W., Sameera, W. M. C., Ramozzi, R., Page, A. J., Hatanaka, M., Petrova,
G. P., et al. (2015). The ONIOM method and its applications. Chem. Rev. 115,
5678–5796. doi: 10.1021/cr5004419
Clark, J. H., Farmer, T. J., Hunt, A. J., and Sherwood, J. (2015). Opportunities
for bio-based solvents created as petrochemical and fuel products
transition towards renewable resources. Int. J. Mol. Sci. 16, 17101–17159.
doi: 10.3390/ijms160817101
Clark, S. J., Segall, M. D., Pickard, C. J., Hasnip, P. J., Probert, M. I. J., Refson, K.,
et al. (2005). First principles methods using CASTEP. Zeitschrift fur Krist. 220,
567–570. doi: 10.1524/zkri.220.5.567.65075
Clarke, C. J., Tu, W.-C., Levers, O., Bröhl, A., and Hallett, J. P. (2018). Green
and sustainable solvents in chemical processes. Chem. Rev. 118, 747–800.
doi: 10.1021/acs.chemrev.7b00571
Cnudde, P., De Wispelaere, K., Van der Mynsbrugge, J., Waroquier, M., and Van
Speybroeck, V. (2017). Effect of temperature and branching on the nature and
Frontiers in Chemistry | www.frontiersin.org 16 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
stability of alkene cracking intermediates in H-ZSM-5. J. Catal. 345, 53–69.
doi: 10.1016/j.jcat.2016.11.010
Corma, A., and García, H. (2003). Lewis acids: from conventional homogeneous to
green homogeneous and heterogeneous catalysis. Chem. Rev. 103, 4307–4366.
doi: 10.1021/cr030680z
Czarnecki, K., Nimri, S., Gross, Z., Proniewicz, L. M., and Kincaid, J. R. (1996).
Direct resonance Raman evidence for a trans influence on the ferryl fragment
in models of compound I intermediates of heme enzymes. J. Am. Chem. Soc.
118, 2929–2935. doi: 10.1021/ja952177c
Dabral, S., Engel, J., Mottweiler, J., Spoehrle, S. S. M., Lahive, C. W., and Bolm,
C. (2018). Mechanistic studies of base-catalysed lignin depolymerisation in
dimethyl carbonate. Green Chem. 20, 170–182. doi: 10.1039/C7GC03110F
Dangi, G. P., Pillai, R. S., Somani, R. S., Bajaj, H. C., and Jasra, R. V.
(2010). A density functional theory study on the interaction of hydrogen
molecule with MOF-177.Mol. Simul. 36, 373–381. doi: 10.1080/089270209034
87404
Davydov, D. R., Hui Bon Hoa, G., and Peterson, J. A. (1999). Dynamics of
protein-bound water in the heme domain of P450BM3 studied by high-
pressure spectroscopy: comparison with P450cam and P450 2B4. Biochemistry.
38, 751–761. doi: 10.1021/bi981397a
de Montellano, P. R. O. (2010). Hydrocarbon hydroxylation by cytochrome P450
enzymes. Chem. Rev. 110, 932–948. doi: 10.1021/cr9002193
de Visser, S., Ogliaro, P. F., and Shaik, S. (2001). How does ethene
inactivate cytochrome P450 en route to its epoxidation? a
density functional study. Angew. Chem. Int. Ed. 40, 2871–2874.
doi: 10.1002/1521-3773(20010803)40:15<2871::AID-ANIE2871>3.0.CO;2-R
de Visser, S., Shaik, P. S., Sharma, P. K., Kumar, D., and Thiel, W. (2003). Active
species of horseradish peroxidase (HRP) and cytochrome P450: two electronic
chameleons. J. Am. Chem. Soc. 125, 15779–15788. doi: 10.1021/ja0380906
de Visser, S. P. (2010). Trends in substrate hydroxylation reactions by heme and
nonheme iron(IV)-oxo oxidants give correlations between intrinsic properties
of the oxidant with barrier height. J. Am. Chem. Soc. 132, 1087–1097.
doi: 10.1021/ja908340j
de Visser, S. P. (2018). Mechanistic insight on the activity and substrate
selectivity of nonheme iron dioxygenases. Chem. Rec. 18, 1501–1516.
doi: 10.1002/tcr.201800033
de Visser, S. P., Kumar, D., Cohen, S., Shacham, R., and Shaik, S. (2004). A
predictive pattern of computed barriers for C-H hydroxylation by compound I
of cytochrome p450. J. Am. Chem. Soc. 126, 8362–8363. doi: 10.1021/ja048528h
de Visser, S. P., Porro, C. S., Quesne, M. G., Sainna, M. A., and Munro,
A. W. (2013). Overview on theoretical studies discriminating the two-
oxidant versus two-state-reactivity models for substrate monoxygenation
by cytochrome p450 enzymes. Curr. Top. Med. Chem. 13, 2218–2232.
doi: 10.2174/15680266113136660155
de Visser, S. P., Quesne, M. G., Martin, B., Comba, P., and Ryde, U.
(2014). Computational modelling of oxygenation processes in enzymes
and biomimetic model complexes. Chem. Commun. 50, 262–282.
doi: 10.1039/C3CC47148A
Delannoy, L., Giraudon, J. M., Granger, P., Leclercq, L., and Leclercq,
G. (2000). Group VI transition metal carbides as alternatives in the
hydrodechlorination of chlorofluorocarbons. Catal. Today. 59, 231–240.
doi: 10.1016/S0920-5861(00)00289-3
Delarmelina, M., Marelli, E., de M Carneiro, J. W., Nolan, S. P., Bühl, M.
(2017). Mechanism of the catalytic carboxylation of alkylboronates with CO2
Using Ni–NHC complexes: a DFT Study. Chem. A Eur. J. 23, 14954–14961.
doi: 10.1002/chem.201703567
Den, W., Sharma, V. K., Lee, M., Nadadur, G., and Varma, R. S. (2018).
Lignocellulosic biomass transformations via greener oxidative pretreatment
processes: access to energy and value-added chemicals. Front. Chem. 6:141.
doi: 10.3389/fchem.2018.00141
Denisov, I. G., Makris, T. M., Sligar, S. G., and Schlichting, I. (2005).
Structure and chemistry of cytochrome P450. Chem. Rev. 105, 2253–2277.
doi: 10.1021/cr0307143
Dennig, A., Kuhn, M., Tassoti, S., Thiessenhusen, A., Gilch, S., Bülter, T., et al.
(2015). Oxidative decarboxylation of short-chain fatty acids to 1-alkenes.
Angew. Chemie Int. Ed. 54, 8819–8822. doi: 10.1002/anie.201502925
Dewispelaere, K., Ensing, B., Ghysels, A., Meijer, E. J., and Vanspeybroeck, V.
(2015). Complex reaction environments and competing reaction mechanisms
in zeolite catalysis: insights from advanced molecular dynamics. Chem. A Eur.
J. 21, 9385–9396. doi: 10.1002/chem.201500473
Ditchfield, R., Hehre, W. J., and Pople, J. A. (1971). Self-consistent
molecular-orbital methods. IX. An extended gaussian-type basis for
molecular-orbital studies of organic molecules. J. Chem. Phys. 54, 724–728.
doi: 10.1063/1.1674902
Dolinsky, T. J., Czodrowski, P., Li, H., Nielsen, J. E., Jensen, J. H., Klebe, G.,
et al. (2007). PDB2PQR: expanding and upgrading automated preparation
of biomolecular structures for molecular simulations. Nucleic Acids Res. 35,
W522–W525. doi: 10.1093/nar/gkm276
Dovesi, R., Orlando, R., Erba, A., Zicovich-Wilson, C. M., Civalleri, B., Casassa, S.,
et al. (2014). CRYSTAL14: a program for the ab initio investigation of crystalline
solids. Int. J. Quantum Chem. 114, 1287–1317. doi: 10.1002/qua.24658
Draksharapu, A., Angelone, D., Quesne, M. G., Padamati, S. K., Gómez, L., Hage,
R., et al. (2015). Identification and spectroscopic characterization of nonheme
iron (III) hypochlorite intermediates. Angew. Chem. Int. Ed. 54, 4357–4361.
doi: 10.1002/anie.201411995
Egorova, K. S., and Ananikov, V. P. (2016). Which metals are green for catalysis?
comparison of the toxicities of Ni, Cu, Fe, Pd, Pt, Rh, and Au Salts. Angew. Chem.
Int. Ed. 55, 12150–12162. doi: 10.1002/anie.201603777
Ensing, B., Laio, A., Parrinello, M., and Klein, M. L. (2005). A recipe for the
computation of the free energy barrier and the lowest free energy path
of concerted reactions. J. Phys. Chem. B. 109, 6676–6687. doi: 10.1021/jp
045571i
Fang, H., Roldan, A., Tian, C., Zheng, Y., Duan, X., Chen, K., et al. (2019).
Structural tuning and catalysis of tungsten carbides for the regioselective
cleavage of C–O bonds. J. Catal. 369, 283–295. doi: 10.1016/j.jcat.2018.11.020
Faponle, A. S., Quesne, M. G., and de Visser, S. P. (2016). Origin of the
regioselective fatty-acid hydroxylation versus decarboxylation by a cytochrome
P450 Peroxygenase: what drives the reaction to biofuel production? Chemistry.
22, 5478–5483. doi: 10.1002/chem.201600739
Feng, J. X., Wu, J. Q., Tong, Y. X., and Li, G. R. (2018). Efficient hydrogen
evolution on cu nanodots-decorated Ni3S2 nanotubes by optimizing atomic
hydrogen adsorption and desorption. J. Am. Chem. Soc. 140, 610–617.
doi: 10.1021/jacs.7b08521
Fetzner, S., and Steiner, R. A. (2010). Cofactor-independent oxidases
and oxygenases. Appl. Microbiol. Biotechnol. 86, 791–804.
doi: 10.1007/s00253-010-2455-0
Field, M. J., Bash, P. A., and Karplus, M. (1990). A combined quantummechanical
and molecular mechanical potential for molecular dynamics simulations. J.
Comput. Chem. 11, 700–733. doi: 10.1002/jcc.540110605
Forkert, P.-G., and Lee, R. P. (1997). Metabolism of ethyl carbamate by
pulmonary cytochrome P450 and carboxylesterase isozymes: involvement
of CYP2E1 and hydrolase A. Toxicol. Appl. Pharmacol. 146, 245–254.
doi: 10.1006/taap.1997.8233
Friedrich, L. E. (1983). The two hydrogen-oxygen bond-dissociation energies of
hydroquinone. J. Org. Chem. 48, 3851–3852. doi: 10.1021/jo00169a062
Friend, C. M., and Xu, B. (2017). Heterogeneous catalysis: a central
science for a sustainable future. Acc. Chem. Res. 50, 517–521.
doi: 10.1021/acs.accounts.6b00510
Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A.,
Cheeseman, J. R., et al. (2009). Gaussian 09, Revis. B.01. Gaussian, Inc.
Wallingford, CT.
Gallezot, P. (2012). Conversion of biomass to selected chemical products. Chem.
Soc. Rev. 41, 1538–1558. doi: 10.1039/C1CS15147A
Gao, J., and Truhlar, D. G. (2002). Quantum mechanical methods
for enzyme kinetics. Annu. Rev. Phys. Chem. 53, 467–505.
doi: 10.1146/annurev.physchem.53.091301.150114
Gelb, M. H., Heimbrook, D. C., Malkonen, P., and Sligar, S. G. (1982).
Stereochemistry and deuterium isotope effects in camphor hydroxylation by
the cytochrome P450cam monooxygenase system. Biochemistry. 21, 370–377.
doi: 10.1021/bi00531a026
Geng, C., Weiske, T., Li, J., Shaik, S., and Schwarz, H. (2018). On the intrinsic
reactivity of diatomic 3d transition-metal carbides in the thermal activation of
methane: striking electronic structure effects. J. Am. Chem. Soc. 141, 599–610.
doi: 10.1021/jacs.8b11739
Ghorbanpour, A., Rimer, J. D., and Grabow, L. C. (2014). Periodic, vdW-corrected
density functional theory investigation of the effect of Al siting in H-ZSM-5 on
Frontiers in Chemistry | www.frontiersin.org 17 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
chemisorption properties and site-specific acidity. Catal. Commun. 52, 98–102.
doi: 10.1016/j.catcom.2014.04.005
Glaister, B. J., andMudd, G.M. (2010). The environmental costs of platinum–PGM
mining and sustainability: Is the glass half-full or half-empty? Miner. Eng. 23,
438–450. doi: 10.1016/j.mineng.2009.12.007
Gooßen, L. J., and Rodríguez, N. (2004). A mild and efficient protocol for the
conversion of carboxylic acids to olefins by a catalytic decarbonylative
elimination reaction. Chem. Commun. 35, 724–725. doi: 10.1039/B3
16613A
Grajciar, L., Heard, C. J., Bondarenko, A. A., Polynski, M. V., Meeprasert,
J., Pidko, E. A., et al. (2018). Towards operando computational
modeling in heterogeneous catalysis. Chem. Soc. Rev. 47, 8307–8348.
doi: 10.1039/C8CS00398J
Grant, J. L., Hsieh, C. H., and Makris, T. M. (2015). Decarboxylation of fatty acids
to terminal alkenes by cytochrome P450 compound I. J. Am. Chem. Soc. 137,
4940–4943. doi: 10.1021/jacs.5b01965
Grau-Crespo, R., De Leeuw, N. H., and Catlow, C. R. A. (2003). Cation
distribution and magnetic ordering in FeSbO4. J. Mater. Chem. 13, 2848–2850.
doi: 10.1039/b309796j
Grau-Crespo, R., Moreira, I. D. P. R., Illas, F., De Leeuw, N. H., and Catlow, C. R. A.
(2006). The effect of cation coordination on the properties of oxygen vacancies
in FeSbO4. J. Mater. Chem. 16, 1943–1949. doi: 10.1039/b518219k
Greeley, J. (2016). Theoretical heterogeneous catalysis: scaling relationships and
computational catalyst design. Annu. Rev. Chem. Biomol. Eng. 7, 605–635.
doi: 10.1146/annurev-chembioeng-080615-034413
Green, A. G., Liu, P., Merlic, C. A., and Houk, K. N. (2014). Distortion/interaction
analysis reveals the origins of selectivities in iridium-catalyzed C-H borylation
of substituted arenes and 5-membered heterocycles. J. Am. Chem. Soc. 136,
4575–4583. doi: 10.1021/ja411699u
Green, M. T., Dawson, J. H., and Gray, H. B. (2004). Oxoiron(IV) in
chloroperoxidase compound II is basic: implications for P450 chemistry.
Science. 304, 1653–1656. doi: 10.1126/science.1096897
Greer, A., Taylor, S. F. R., Daly, H., Quesne, M. G., Catlow, R., Jacquemin, J., et al.
(2019). Investigating the effect of NO on the capture of CO2 using superbase
ionic liquids for flue gas applications. ACS Sustain. Chem. Eng. 7, 567–3574.
doi: 10.1021/acssuschemeng.8b05870
Grogan, G. (2011). Cytochromes P450: exploiting diversity and enabling
application as biocatalysts. Curr. Opin. Chem. Biol. 15, 241–248.
doi: 10.1016/j.cbpa.2010.11.014
Gross, Z., and Nimri, S. (1994). A pronounced axial ligand effect on the
reactivity of oxoiron(Iv) porphyrin cation radicals. Inorg. Chem. 33, 1731–1732.
doi: 10.1021/ic00087a001
Groves, J. T. (2003). The bioinorganic chemistry of iron in oxygenases and
supramolecular assemblies. Proc. Natl. Acad. Sci. U.S.A. 100, 3569–3574.
doi: 10.1073/pnas.0830019100
Groves, J. T., and McClusky, G. A. (1976). Aliphatic hydroxylation via oxygen
rebound. Oxygen transfer catalyzed by iron. J. Am. Chem. Soc. 98, 859–861.
doi: 10.1021/ja00419a049
Guengerich, F. P. (2001). Common and uncommon cytochrome P450 reactions
related to metabolism and chemical toxicity. Chem. Res. Toxicol. 14, 611–650.
doi: 10.1021/tx0002583
Gunes, A., Bilir, E., Zengil, H., Babaoglu, M. O., Bozkurt, A., and Yasar,
U. (2007). Inhibitory effect of valproic acid on cytochrome P450 2C9
activity in epilepsy patients. Basic Clin. Pharmacol. Toxicol. 100, 383–386.
doi: 10.1111/j.1742-7843.2007.00061.x
Haase, F., and Sauer, J. (1994). 1H NMR chemical shifts of ammonia, methanol,
and water molecules interacting with broensted acid sites of zeolite catalysts:
Ab-initio calculations. J. Phys. Chem. 98, 3083–3085. doi: 10.1021/j10006
3a006
Häglund, J., Fernndez Guillermet, A., Grimvall, G., and Körling, M. (1993).
Theory of bonding in transition-metal carbides and nitrides. Phys. Rev. B. 48,
11685–11691. doi: 10.1103/PhysRevB.48.11685
Hajek, J., Van Der Mynsbrugge, J., De Wispelaere, K., Cnudde, P., Vanduyfhuys,
L., Waroquier, M., et al. (2016). On the stability and nature of adsorbed
pentene in Brønsted acid zeolite H-ZSM-5 at 323K. J. Catal. 340, 227–235.
doi: 10.1016/j.jcat.2016.05.018
Hammond, C., Forde, M. M., Ab Rahim, M. H., Thetford, A., He, Q., Jenkins,
R. L., et al. (2012). Direct catalytic conversion of methane to methanol in an
aqueous medium by using copper-promoted Fe-ZSM-5. Angew. Chemie Int.
Ed. 51, 5129–5133. doi: 10.1002/anie.201108706
Hansgen, D. A., Vlachos, D. G., and Chen, J. G. (2010). Using first principles
to predict bimetallic catalysts for the ammonia decomposition reaction. Nat.
Chem. 2, 484–489. doi: 10.1038/nchem.626
Hellenbrandt, M. (2014). The inorganic crystal structure database
(ICSD)—present and future. Crystallogr. Rev. 10, 17–22.
doi: 10.1080/08893110410001664882
Hellweg, S., and Canals, L. M. I. (2014). Emerging approaches, challenges
and opportunities in life cycle assessment. Science 344, 1109–1113.
doi: 10.1126/science.1248361
Hernández-Ortega, A., Quesne, M. G., Bui, S., Heuts, D. P., Steiner, R. A., Heyes,
D. J., et al. (2014). Origin of the proton-transfer step in the cofactor-free 1-H-
3-hydroxy-4-oxoquinaldine 2,4- dioxygenase: Effect of the basicity of an active
site His residue. J. Biol. Chem. 289, 8620–8632. doi: 10.1074/jbc.M113.543033
Hernández-Ortega, A., Quesne, M. G., Bui, S., Heyes, D. J., Steiner, R. A., Scrutton,
N. S., et al. (2015). Catalytic mechanism of cofactor-free dioxygenases and how
they circumvent spin-forbidden oxygenation of their substrates. J. Am. Chem.
Soc. 137, 7474–7487. doi: 10.1021/jacs.5b03836
Hickey, A. L., and Rowley, C. N. (2014). Benchmarking quantum chemical
methods for the calculation of molecular dipole moments and polarizabilities.
J. Phys. Chem. A. 118, 3678–3687. doi: 10.1021/jp502475e
Hirunsit, P., Luadthong, C., and Faungnawakij, K. (2015). Effect of alumina
hydroxylation on glycerol hydrogenolysis to 1,2-propanediol over Cu/Al2O3:
combined experiment and DFT investigation. RSC Adv. 5, 11188–11197.
doi: 10.1039/C4RA14698K
Hu, L., Söderhjelm, P., and Ryde, U. (2011). On the convergence of QM/MM
energies. J. Chem. Theory Comput. 7, 761–777. doi: 10.1021/ct100530r
Hutchings, G. J., Catlow, C. R. A., Hardacre, C., and Davidson, M. G. (2016).
Catalysis making the world a better place: satellite meeting. Philos. Trans. R.
Soc. A Math. Phys. Eng. Sci. 374:20150358. doi: 10.1098/rsta.2015.0358
Hwu, H. H., and Chen, J. G. (2005). Surface chemistry of transition metal carbides.
Chem. Rev. 105, 185–212. doi: 10.1021/cr0204606
Iannuzzi, M., Laio, A., and Parrinello, M. (2003). Efficient exploration of reactive
potential energy surfaces using car-parrinello molecular dynamics. Phys. Rev.
Lett. 90:238302. doi: 10.1103/PhysRevLett.90.238302
Isci, U., Afanasiev, P., Millet, J. M., Kudrik, V. E., Ahsen, V., and Sorokin,
A. B. (2009). Preparation and characterization of mu-nitrido diiron
phthalocyanines with electron-withdrawing substituents: application for
catalytic aromatic oxidation. Dalt. Trans. 7410–7420. doi: 10.1039/b902592h
Is¸ci, Ü., Faponle, A. S., Afanasiev, P., Albrieux, F., Briois, V., Ahsen, V., et al.
(2015). Site-selective formation of an iron(iv)-oxo species at the more electron-
rich iron atom of heteroleptic µ-nitrido diiron phthalocyanines. Chem. Sci. 6,
5063–5075. doi: 10.1039/C5SC01811K
Ishikawa, S., Jones, D. R., Iqbal, S., Reece, C., Morgan, D. J., Willock, D. J., et al.
(2017). Identification of the catalytically active component of Cu-Zr-O catalyst
for the hydrogenation of levulinic acid to γ-valerolactone. Green Chem. 19,
225–236. doi: 10.1039/C6GC02598F
Janthon, P., Kozlov, S. M., Viñes, F., Limtrakul, J., and Illas, F. (2013).
Establishing the accuracy of broadly used density functionals in describing
bulk properties of transition metals. J. Chem. Theory Comput. 9, 1631–1640.
doi: 10.1021/ct3010326
Janthon, P., Luo, S. A., Kozlov, S. M., Viñes, F., Limtrakul, J., Truhlar, D. G.,
et al. (2014). Bulk properties of transition metals: a challenge for the design
of universal density functionals. J. Chem. Theory Comput. 10, 3832–3839.
doi: 10.1021/ct500532v
Jaramillo, F., and Destouni, G. (2015). Comment on ‘planetary boundaries:
guiding human development on a changing planet’. Science 348:1217.
doi: 10.1126/science.aaa9629
Jastrzebski, R., Quesne, M. G., Weckhuysen, B. M., De Visser, S. P., and Bruijnincx,
P. C. A. (2014). Experimental and computational evidence for the mechanism
of intradiol catechol dioxygenation by non-heme iron(III) complexes. Chem. A
Eur. J. 20, 15686–15691. doi: 10.1002/chem.201404988
Jastrzebski, R., Weckhuysen, B. M., and Bruijnincx, P. C. A. (2013). Catalytic
oxidative cleavage of catechol by a non-heme iron(III) complex as a green route
to dimethyl adipate. Chem. Commun. 49, 6912–6914. doi: 10.1039/c3cc42423e
Ji, L., Faponle, A. S., Quesne, M. G., Sainna, M. A., Zhang, J., Franke, A., et al.
(2015). Drug metabolism by cytochrome P450 enzymes: what distinguishes the
Frontiers in Chemistry | www.frontiersin.org 18 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
pathways leading to substrate hydroxylation over desaturation? Chem. Eur. J.
21, 9083–9092. doi: 10.1002/chem.201500329
Kadish, K. M., Smith, K. M., and Guilard, R. (2010). Handbook of Porphyrin
Science. Singapore: World Scientific.
Kamachi, T., and Yoshizawa, K. (2003). A theoretical study on the mechanism of
camphor hydroxylation by compound I of cytochrome P450. J. Am. Chem. Soc.
125, 4652–4661. doi: 10.1021/ja,0208862
Kästner, J. (2011). Umbrella sampling.Wiley Interdiscip. Rev. Comput. Mol. Sci. 1,
932–942. doi: 10.1002/wcms.66
Kawakami, N., Shoji, O., and Watanabe, Y. (2011). Use of perfluorocarboxylic
acids to trick cytochrome P450BM3 into initiating the hydroxylation of
gaseous alkanes. Angew. Chemie Int. Ed. 50, 5315–5318. doi: 10.1002/anie.201
007975
Kawakami, N., Shoji, O., andWatanabe, Y. (2013). Direct hydroxylation of primary
carbons in small alkanes by wild-type cytochrome P450BM3 containing
perfluorocarboxylic acids as decoy molecules. Chem. Sci. 4, 2344–2348.
doi: 10.1039/c3sc50378j
Kerr, R. A. (2007). Global warming is changing the world. Science. 316, 188–190.
doi: 10.1126/science.316.5822.188
Kiss, G., Çelebi-Ölçüm, N., Moretti, R., Baker, D., and Houk, K. N., (2013).
Computational enzyme design. Angew. Chemie Int. Ed. 52, 5700–5725.
doi: 10.1002/anie.201204077
Kornienko, N., Heidary, N., Cibin, G., and Reisner, E. (2018). Catalysis by
design: development of a bifunctional water splitting catalyst through an
operando measurement directed optimization cycle. Chem. Sci. 9, 5322–5333.
doi: 10.1039/C8SC01415A
Kotobuki, M., Leppelt, R., Hansgen, D. A., Widmann, D., and Behm, R. J.
(2009). Reactive oxygen on a Au/TiO2 supported catalyst. J. Catal. 264, 67–76.
doi: 10.1016/j.jcat.2009.03.013
Kralj, M., Uzelac, L., Wang, Y.-H., Wan, P., Tireli, M., Mlinaric´-
Majerski, K., et al. (2015). Enhancement of antiproliferative activity by
phototautomerization of anthrylphenols. Photochem. Photobiol. Sci. 14,
1082–1092. doi: 10.1039/C5PP00099H
Kresse, G., and Furthmüller, J. (1996a). Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys. Rev. B. 54,
11169–11186. doi: 10.1103/PhysRevB.54.11169
Kresse, G., and Furthmüller, J. (1996b). Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis set.
Comput. Mater. Sci. 6, 15–50. doi: 10.1016/0927-0256(96)00008-0
Kudrik, V. E., Afanasiev, P., Alvarez, L. X., Dubourdeaux, P., Clemancey, M.,
and Sorokin, A. B. (2012). An N-bridged high-valent diiron-oxo species on
a porphyrin platform that can oxidize methane. Nat. Chem. 4, 1024–1029.
doi: 10.1038/nchem.1471
Kudrik, V. E., and Sorokin, A. B. (2008). N-bridged diiron phthalocyanine
catalyzes oxidation of benzene with H2O2 via benzene oxide with NIH shift
evidenced by using 1,3,5-[D3]benzene as a probe. Chemistry 14, 7123–7126.
doi: 10.1002/chem.200800504
Kulkarni, A., Siahrostami, S., Patel, A., and Nørskov, J. K. (2018). Understanding
catalytic activity trends in the oxygen reduction reaction. Chem. Rev. 118,
2302–2312. doi: 10.1021/acs.chemrev.7b00488
Kumar, A., Goldberg, I., Botoshansky, M., Buchman, Y., and Gross, Z.
(2010). Oxygen atom transfer reactions from isolated (oxo) manganese (V)
corroles to sulfides. J. Am. Chem. Soc. 132, 15233–15245. doi: 10.1021/
ja1050296
Kumar, D., De Visser, S. P., and Shaik, S. (2004a). Oxygen economy of cytochrome
P450: what is the origin of the mixed functionality as a dehydrogenase-oxidase
enzyme compared with its normal function? J. Am. Chem. Soc. 126, 5072–5073.
doi: 10.1021/ja0318737
Kumar, D., de Visser, S. P., Sharma, P. K., Cohen, S., and Shaik, S. (2004b). Radical
clock substrates, their C-H hydroxylationmechanism by cytochrome P450, and
other reactivity patterns: what does theory reveal about the clocks’ behavior? J.
Am. Chem. Soc. 126, 1907–1920. doi: 10.1021/ja039439s
Kumar, D., Thiel, W., and de Visser, S. P. (2011). Theoretical study on the
mechanism of the oxygen activation process in cysteine dioxygenase enzymes.
J. Am. Chem. Soc. 133, 3869–3882. doi: 10.1021/ja107514f
Kung, Y., Runguphan, W., and Keasling, J. D. (2012). From fields to fuels: recent
advances in the microbial production of biofuels. ACS Synth. Biol. 1, 498–513.
doi: 10.1021/sb300074k
Kunkel, C., Vin, F., and Illas, F. (2018). Biogas upgrading by transition metal
carbides. ACS Appl. Energy Mater. 1, 43–47. doi: 10.1021/acsaem.7b00086
Laio, A., and Parrinello, M. (2002). Escaping free-energy minima. Proc. Natl. Acad.
Sci. U.S.A. 99, 12562–12566. doi: 10.1073/pnas.202427399
Laio, A., Rodriguez-Fortea, A., Gervasio, F. L., Ceccarelli, M., and Parrinello,
M. (2005). Assessing the accuracy of metadynamics. J. Phys. Chem. B. 109,
6714–6721. doi: 10.1021/jp045424k
Lam, M. K., Lee, K. T., and Mohamed, A. R. (2010). Homogeneous, heterogeneous
and enzymatic catalysis for transesterification of high free fatty acid oil
(waste cooking oil) to biodiesel: a review. Biotechnol. Adv. 28, 500–518.
doi: 10.1016/j.biotechadv.2010.03.002
Laurent, A. D., and Jacquemin, D. (2013). TD-DFT benchmarks: a review. Int. J.
Quantum Chem. 113, 2019–2039. doi: 10.1002/qua.24438
Lee, C., Yang, W., and Parr, R. G. (1988). Development of the Colle-Salvetti
correlation-energy formula into a functional of the electron density. Phys. Rev.
B. 37, 785–789. doi: 10.1103/PhysRevB.37.785
Lee, R. P., Parkinson, A., and Forkert, P. G. (1998). Isozyme-selective metabolism
of ethyl carbamate by cytochrome P450 (CYP2E1) and carboxylesterase
(hydrolase A) enzymes in murine liver microsomes. Drug Metab. Dispos.
26, 60–65.
Lennen, R. M., and Pfleger, B. F. (2013). Microbial production of fatty
acid-derived fuels and chemicals. Curr. Opin. Biotechnol. 24, 1044–1053.
doi: 10.1016/j.copbio.2013.02.028
Levy, R. B., and Boudart, M. (1973). Platinum-like behavior of tungsten carbide in
surface catalysis. Science. 181, 547–549. doi: 10.1126/science.181.4099.547
Li, D., Wang, Y., and Han, K. (2012). Recent density functional theory model
calculations of drug metabolism by cytochrome P450. Coord. Chem. Rev. 256,
1137–1150. doi: 10.1016/j.ccr.2012.01.016
Liang, Y., Li, Y., Wang, H., Zhou, J., Wang, J., Regier, T., et al. (2011). Co3O4
nanocrystals on graphene as a synergistic catalyst for oxygen reduction
reaction. Nat. Mater. 10, 780–786. doi: 10.1038/nmat3087
Lira-Navarrete, E., Iglesias-Fernández, J., Zandberg, W. F., Compañón, I., Kong,
Y., Corzana, F., et al. (2014). Substrate-guided front-face reaction revealed
by combined structural snapshots and metadynamics for the polypeptide n
-acetylgalactosaminyltransferase 2. Angew. Chemie Int. Ed. 53, 8206–8210.
doi: 10.1002/anie.201402781
Little, J. C., Hester, E. T., and Carey, C. C. (2016). Assessing and enhancing
environmental sustainability: a conceptual review. Environ. Sci. Technol. 50,
6830–6845. doi: 10.1021/acs.est.6b00298
Liu, H., and Lee, J. Y. (2012). Electric field effects on the adsorption of CO on
a graphene nanodot and the healing mechanism of a vacancy in a graphene
nanodot. J. Phys. Chem. C. 116, 3034–3041. doi: 10.1021/jp210719r
Liu, J., Mooney, H., Hull, V., Davis, S. J., Gaskell, J., and Hertel, T. et al.
(2015). Systems integration for global sustainability. Science 347:1258832.
doi: 10.1126/science.1258832
Liu, Y., Kim, K. E., Herbert, M. B., Fedorov, A., Grubbs, R. H., and Stoltz,
B. M. (2014). Palladium-catalyzed decarbonylative dehydration of fatty acids
for the production of linear alpha olefins. Adv. Synth. Catal. 356, 130–136.
doi: 10.1002/adsc.201301109
Lo, C. S., Radhakrishnan, R., and Trout, B. L. (2005). Application of transition
path sampling methods in catalysis: a new mechanism for C-C bond formation
in the methanol coupling reaction in chabazite. Catal. Today. 105, 93–105.
doi: 10.1016/j.cattod.2005.04.005
Loch, J. M., Potter, J., and Bachmann, K. A. (1995). The influence of anesthetic
agents on rat hepatic cytochromes P450 in vivo. Pharmacology. 50, 146–153.
doi: 10.1159/000139276
Lu, Y., Farrow, M. R., Fayon, P., Logsdail, A. J., Sokol, A. A., Catlow, C. R.
A., et al. (2019). Open-source, python-based redevelopment of the chemshell
multiscale QM/MM environment. J. Chem. Theory Comput. 15, 1317–1328.
doi: 10.1021/acs.jctc.8b01036
Maboeta, M. S., Claassens, S., van Rensburg, L., and van Rensburg, P. J.
J. (2006). The effects of platinum mining on the environment from
a soil microbial perspective, water. Air. Soil Pollut. 175, 149–161.
doi: 10.1007/s11270-006-9122-1
Maseras, F., and Morokuma, K. (1995). Imomm: a new ab initio+ molecular
mechanics geometry optimization scheme of equilibrium structures and
transition states. J. Comp. Chem. 16, 1170–1179. doi: 10.1002/jcc.5401
60911
Frontiers in Chemistry | www.frontiersin.org 19 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
Mayer, J. M. (1998). Hydrogen atom abstraction by metal– oxo complexes:
Understanding the analogy with organic radical reactions. Acc. Chem. Res. 31,
441–450. doi: 10.1021/ar970171h
McGeagh, J. D., Ranaghan, K. E., and Mulholland, A. J. (2011). Protein dynamics
and enzyme catalysis: insights from simulations. Biochim. Biophys. Acta
Proteins Proteomics. 1814, 1077–1092. doi: 10.1016/j.bbapap.2010.12.002
Medford, A. J., Vojvodic, A., Hummelshøj, J. S., Voss, J., Abild-Pedersen,
F., Studt, F., et al. (2015). From the Sabatier principle to a predictive
theory of transition-metal heterogeneous catalysis. J. Catal. 328, 36–42.
doi: 10.1016/j.jcat.2014.12.033
Meliá, C., Ferrer, S., Moliner, V., Tuñõn, I., and Bertrán, J. (2012). Computational
study on hydrolysis of cefotaxime in gas phase and in aqueous solution. J.
Comput. Chem. 33, 1948–1959. doi: 10.1002/jcc.23030
Meunier, B., De Visser, S. P., and Shaik, S. (2004). Mechanism of oxidation
reactions catalyzed by cytochrome P450 enzymes. Chem. Rev. 104, 3947–3980.
doi: 10.1021/cr020443g
Miłaczewska, A., Kot, E., Amaya, J. A., Makris, T. M., Zajac, M., Korecki, J.,
et al. (2018). On the structure and reaction mechanism of human acireductone
dioxygenase. Chem. A Eur. J. 24, 5225–5237. doi: 10.1002/chem.201
704617
Møller, C., and Plesset, M. S. (1934). Note on an approximation treatment for
many-electron systems. Phys. Rev. 46, 618–622. doi: 10.1103/PhysRev.46.618
Moors, S. L. C., De Wispelaere, K., Van Der Mynsbrugge, J., Waroquier, M.,
and Van Speybroeck, V. (2013). Molecular dynamics kinetic study on the
zeolite-catalyzed benzene methylation in ZSM-5. ACS Catal. 3, 2556–2567.
doi: 10.1021/cs400706e,
Morales-Gar, A., Fernández-Fernández, A., Viñes, F., and Illas, F. (2018). CO2
abatement using two-dimensional MXene carbides, J. Mater. Chem. A. 6,
3381–3381. doi: 10.1039/C7TA11379J
Müller, K., Wiegrebe, W., and Younes, M. (1987). Formation of active
oxygen species by dithranol, III dithranol, active oxygen species and lipid
peroxidation in vivo. Arch. Pharm. 320, 59–66. doi: 10.1002/ardp.19873
200110
Muñoz Robles, V., Ortega-Carrasco, E., Alonso-Cotchico, L., Rodriguez-Guerra,
J., Lledós, A., and Maréchal, J. D. (2015). Toward the computational
design of artificial metalloenzymes: from protein-ligand docking to
multiscale approaches. ACS Catal. 5, 2469–2480. doi: 10.1021/acscatal.
5b00010
Munro, A. W., Girvan, H. M., and McLean, K. J. (2007). Variations on a (t) heme–
novel mechanisms, redox partners and catalytic functions in the cytochrome
P450 superfamily. Nat. Prod. Rep. 24, 585–609. doi: 10.1039/B604190F
Murray, J., and King, D. (2012). Climate policy: Oil’s tipping point has passed,
Nature. 481, 433–435. doi: 10.1038/481433a
Murthi, V. S., Urian, R. C., and Mukerjee, S. (2004). Oxygen reduction kinetics in
low andmedium temperature acid environment: correlation of water activation
and surface properties in supported Pt and Pt alloy electrocatalysts. J. Phys.
Chem. B. 108, 11011–11023. doi: 10.1021/jp048985k
Namuangruk, S., Pantu, P., and Limtrakul, J. (2004). Alkylation of benzene with
ethylene over faujasite zeolite investigated by the ONIOM method. J. Catal.
225, 523–530. doi: 10.1016/j.jcat.2004.04.016
Nastase, S. A. F., O’Malley, A. J., Catlow, C. R. A., and Logsdail, A. J. (2019).
Computational QM/MM investigation of the adsorption of MTH active
species in H-Y and H-ZSM-5. Phys. Chem. Chem. Phys. 21, 2639–2650.
doi: 10.1039/C8CP06736H
Nearchou, A., Raithby, P. R., and Sartbaeva, A. (2018). Systematic approaches
towards template-free synthesis of EMT-type zeolites.Microporous Mesoporous
Mater. 255, 261–270. doi: 10.1016/j.micromeso.2017.08.036
Neu, H. M., Yang, T., Baglia, R. A., Yosca, T. H., Green, M. T., Quesne, M. G.,
et al. (2014). Oxygen-atom transfer reactivity of axially ligated Mn (V)–Oxo
complexes: evidence for enhanced electrophilic and nucleophilic pathways. J.
Am. Chem. Soc. 136, 13845–13852. doi: 10.1021/ja507177h
Nørskov, J. K., Bligaard, T. R. J., and Christensen, C. H. (2009). Towards
the Computational Design of Solid Catalysts. Nat. Chem. 1, 37–46.
doi: 10.1038/nchem.121
Ogliaro, F., de Visser, S. P., Cohen, S., Kaneti, J., and Shaik, S. (2001).
The experimentally elusive oxidant of cytochrome P450: a theoretical
“trapping” defining more closely the “real” species. ChemBioChem. 2, 848–851.
doi: 10.1002/1439-7633(20011105)2:11<848::AID-CBIC848>3.0.CO;2-0
O’Hagan, M., Duchi, M., Morales, J. C., Galan, M. C., Mulholland, A.,
Oliver, T., et al. (2019). A photoresponsive stiff-stilbene ligand fuels the
reversible conformational unfolding of G-quadruplex DNA. Angew. Chemie
Int. Ed. doi: 10. 1002/anie.201900740
O’Malley, J., Logsdail, A. J., Sokol, A. A., and Catlow, C. R. A. (2016). Modelling
metal centres, acid sites and reaction mechanisms in microporous catalysts.
Faraday Discuss. 188, 235–255. doi: 10.1039/C6FD00010J
Oostenbrink, C., Villa, A., Mark, A. E., and Van Gunsteren, W. F. (2004). A
biomolecular force field based on the free enthalpy of hydration and solvation:
the GROMOS force-field parameter sets 53A5 and 53A6. J. Comput. Chem. 25,
1656–1676. doi: 10.1002/jcc.20090
O’Reilly, E., Köhler, V., Flitsch, S. L., and Turner, N. J. (2011). Cytochromes P450 as
useful biocatalysts: addressing the limitations. Chem. Commun. 47, 2490–2501.
Ortiz de Montellano, P. R. (2004). Cytochrome P450: Structure, Mechanism, and
Biochemistry. New York, NY: Springer.
Oyama, S. T. (2008). “High-surface transition metal carbides and nitrides,” in
Preparation of Solid Catalysts, G. Ertl, H. Knözinger, and J. Weitkamp (New
York, NY: Wiley), 139–150.
Parsell, T. H., Yang, M.-Y., and Borovik, A. S. (2009). C– H bond cleavage
with reductants: re-investigating the reactivity of monomeric MnIII/IV– oxo
complexes and the role of oxo ligand basicity. J. Am. Chem. Soc. 131, 2762–2763.
doi: 10.1021/ja8100825
Pasini, T., Lolli, A., Albonetti, S., Cavani, F., and Mella, M. (2014). Methanol
as a clean and efficient H-transfer reactant for carbonyl reduction:
scope, limitations, and reaction mechanism. J. Catal. 317, 206–219.
doi: 10.1016/j.jcat.2014.06.023
Pelletier, J. D. A., and Basset, J. M. (2016). Catalysis by design: well-
defined single-site heterogeneous catalysts. Acc. Chem. Res. 49, 664–677.
doi: 10.1021/acs.accounts.5b00518
Pelmenschikov, A. G., Morosi, G., Gamba, A., and Coluccia, S. (1995). A
check of quantum chemical molecular models of adsorption on oxides
against experimental infrared data. J. Phys. Chem. 99, 15018–15022.
doi: 10.1021/j100041a016
Pelmenschikov, A. G., Morosi, G., Gamba, A., Coluccia, S., Martra, G., and
Paukshtis, E. A. (1996). Single and multiple Lewis sites of MgO: a combined
IR and ab initio study with CD3CN as a molecular probe. J. Phys. Chem. 100,
5011–5016. doi: 10.1021/jp952720b
Pelmenschikov, G., Morosi, G., Gamba, A., and Coluccia, S. (1998). Unimportance
of the surrounding lattice in the adsorption of CO on low-coordinated mg Sites
of MgO. J. Phys. Chem. B. 102, 2226–2231. doi: 10.1021/jp9731765
Peralta-Yahya, P. P., Zhang, F., S., del Cardayre, B., and Keasling, J. D. (2012).
Microbial engineering for the production of advanced biofuels, Nature. 488,
320–328. doi: 10.1038/nature11478
Perdew, J. P., Burke, K., and Ernzerhof, M. (1996). Generalized
gradient approximation made simple. Phys. Rev. Lett. 77, 3865–3868.
doi: 10.1103/PhysRevLett.77.3865
Perdew, J. P., and Schmidt, K. (2001). “Jacob’s ladder of density functional
approximations for the exchange-correlation energy,” in AIP Conference
Proceedings, Vol. 577, (AIP), 1–20.
Petersen, L., Ardèvol, A., Rovira, C., and Reilly, P. J. (2009). Mechanism of cellulose
hydrolysis by inverting GH8 endoglucanases: a QM/MMmetadynamics study.
J. Phys. Chem. B. 113, 7331–7339. doi: 10.1021/jp811470d
Polshettiwar, V., andVarma, R. S. (2010). Green chemistry by nano-catalysis.Green
Chem. 12, 743–754. doi: 10.1039/b921171c
Porro, C. S., Sutcliffe, M. J., and de Visser, S. P. (2009). Quantum
mechanics/molecular mechanics studies on the sulfoxidation of dimethyl
sulfide by compound i and compound 0 of cytochrome P450: which is
the better oxidant? J. Phys. Chem. A. 113, 11635–11642. doi: 10.1021/jp90
23926
Posada-Pérez, S., Gutiérrez, R. A., Zuo, Z., Ramírez, P. J., Viñes, F., Liu,
P., et al. (2017a). Highly active Au/δ-MoC and Au/β-Mo 2 C catalysts
for the low-temperature water gas shift reaction: effects of the carbide
metal/carbon ratio on the catalyst performance. Catal. Sci. Technol. 7,
5332–5342. doi: 10.1039/C.7C. Y.00639J.
Posada-Pérez, S., Viñes, F., Ramirez, P. J., Vidal, A. B., Rodriguez, J. A., and
Illas, F. (2014). The bending machine: CO2 activation and hydrogenation
on δ-MoC(001) and β-Mo2C(001) surfaces. Phys. Chem. Chem. Phys. 16,
14912–14921 doi: 10.1039/C4CP01943A
Frontiers in Chemistry | www.frontiersin.org 20 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
Posada-Pérez, S., Viñes, F., Valero, R., Rodriguez, J. A., and Illas, F. (2017b).
Adsorption and dissociation of molecular hydrogen on orthorhombic
β-Mo 2C and cubic δ-MoC (001) surfaces. Surf. Sci. 656, 24–32.
doi: 10.1016/j.susc.2016.10.001
Posner, G. H., and O’Neill, P. M. (2004). Knowledge of the proposed chemical
mechanism of action and cytochrome P450 metabolism of antimalarial
trioxanes like artemisinin allows rational design of new antimalarial peroxides.
Acc. Chem. Res. 37, 397–404. doi: 10.1021/ar020227u
Postils, V., Saint-André, M., Timmins, A., Li, X.-X., Wang, Y., Luis, J. M.,
et al. (2018). Quantum mechanics/molecular mechanics studies on the relative
reactivities of compound I and II in cytochrome P450 enzymes. Int. J. Mol. Sci.
19:E1974. doi: 10. 3390/ijms19071974
Poulos, T. L., Finzel, B. C., Gunsalus, I. C., Wagner, G. C., and Kraut, J. (1985). The
2.6-A crystal structure of Pseudomonas putida cytochrome P-450, J. Biol. Chem.
260, 16122–16130.
Poulos, T. L., Finzel, B. C., and Howard, A. J. (1987). High-resolution crystal
structure of cytochrome P450cam. J. Mol. Biol. 195, 687–700.
doi: 10.1016/0022-2836(87)90190-2
Prokop, K. A., Neu, H. M., de Visser, S. P., and Goldberg, D. P. (2011).
A manganese(V)-oxo pi-cation radical complex: influence of one-electron
oxidation on oxygen-atom transfer. J. Am. Chem. Soc. 133, 15874–15877.
doi: 10.1021/ja2066237
Qi, K. Z., Wang, G. C., and Zheng, W. J. (2013). A first-principles study of CO
hydrogenation into methane on molybdenum carbides catalysts. Surf. Sci. 614,
53–63. doi: 10.1016/j.susc.2013.04.001
Qian, X. (2012). Mechanisms and energetics for brønsted acid-catalyzed glucose
condensation, dehydration and isomerization reactions. Top. Catal. 55,
218–226. doi: 10.1007/s11244-012-9790-6
Quesne, M. G., Borowski, T., and De Visser, S. P. (2016a). Quantum
mechanics/molecular mechanics modeling of enzymatic processes: caveats and
breakthroughs. Chem. A Eur. J. 22, 2562–2581. doi: 10.1002/chem.201503802
Quesne, M. G., and de Visser, S. P. (2012). Regioselectivity of substrate
hydroxylation versus halogenation by a nonheme iron (IV)–oxo complex:
possibility of rearrangement pathways. JBIC J. Biol. Inorg. Chem. 17, 841–852.
doi: 10.1007/s00775-012-0901-4
Quesne,M. G., Faponle, A. S., Goldberg, D. P., andVisser, S. P. D. (2015). “Catalytic
function and mechanism of heme and nonheme iron(IV)-oxo complexes in
nature,” in Spin States in Biochemistry and Inorganic Chemistry: Influence on
Structure and Reactivity eds M. Swart and M. Costas (New York, NY: Wiley),
185–202.
Quesne, M. G., Latifi, R., Gonzalez-Ovalle, L. E., Kumar, D., and De Visser, S.
P. (2014). Quantum mechanics/molecular mechanics study on the oxygen
binding and substrate hydroxylation step in AlkB repair enzymes. Chem. A Eur.
J. 20, 435–446. doi: 10.1002/chem.201303282
Quesne, M. G., Roldan, A., de Leeuw, N. H., and Catlow, C. R. A. (2018). Bulk
and surface properties of metal carbides: implications for catalysis. Phys. Chem.
Chem. Phys. 20, 6905–6916. doi: 10.1039/C7CP06336A
Quesne, M. G., Senthilnathan, D., Singh, D., Kumar, D., Maldivi, P., Sorokin,
A. B., et al. (2016b). Origin of the enhanced reactivity of µ-nitrido-bridged
diiron(IV)-oxo porphyrinoid complexes over cytochrome P450 compound i.
ACS Catal. 6, 2230–2243. doi: 10.1021/acscatal.5b02720
Quesne, M. G., Ward, R. A., and de Visser, S. P. (2013). Cysteine protease
inhibition by nitrile-based inhibitors: a computational study. Front. Chem. 1,
39. doi: 10.3389/fchem.2013.00039
Raich, L., Nin-Hill, A., Ardèvol, A., and Rovira, C. (2016). “Enzymatic Cleavage
of Glycosidic Bonds: Strategies on How to Set Up and Control a QM/MM
Metadynamics Simulation,” inMethods in Enzymology, Vol. 577 ed G. A. Voth
(Oxford: Elsevier), 159–183.
Reiher, M., Salomon, O., and Hess, B. A. (2001). Reparameterization of hybrid
functionals based on energy differences of states of different multiplicity. Theor.
Chem. Acc. 107, 48–55. doi: 10.1007/s00214-001-0300-3
Reinhard, F. C., and de Visser, S. (2017). Biodegradation of cosmetics products: a
computational study of cytochrome P450 metabolism of phthalates. Inorganics.
5:77. doi: 10.3390/inorganics5040077
Rettie, A. E., Rettenmeier, A. W., Howald, W. N., and Baillie, T. A.
(1987). Cytochrome P-450–catalyzed formation of delta 4-VPA, a toxic
metabolite of valproic acid. Science. 235, 890–893. doi: 10.1126/science.31
01178
Rittle, J., and Green, M. T. (2010). Cytochrome P450 compound I: capture,
characterization, and CH bond activation kinetics. Science. 330, 933–937.
doi: 10.1126/science.1193478
Roca, M., Aranda, J., Moliner, V., and Tuñón, I. (2012). Modeling methods for
studying post-translational and transcriptional modifying enzymes.Curr. Opin.
Chem. Biol. 16, 465–471. doi: 10.1016/j.cbpa.2012.10.014
Rodríguez-Guerra, J., Jan-E. B., Lledós, A., Maréchal, J.-D., Alonso-Cotchico,
L., Sciortino, G., et al. (2018). “Computational Studies of Artificial
Metalloenzymes: From Methods and Models to Design and Optimization 99,”
inArtificialMetalloenzymes andMetalloDNAzymes in Catalysis edsM.Diéguez,
J.E. Bäckvall and O. Pámies (New York, NY: Wiley), 99–136.
Rothlisberger, U., Carloni, P., Doclo, K., and Parrinello, M. (2000). A
comparative study of galactose oxidase and active site analogs based on
QM/MM Car-Parrinello simulations. J. Biol. Inorg. Chem. 5, 236–250.
doi: 10.1007/s007750050368
Rude, M. A., Baron, T. S., Brubaker, S., Alibhai, M., Del Cardayre, S. B., and
Schirmer, A. (2011). Terminal olefin (1-alkene) biosynthesis by a novel P450
fatty acid decarboxylase from Jeotgalicoccus species. Appl. Environ. Microbiol.
77, 1718–1727. doi: 10.1128/AEM.02580-10
Ruettinger, R. T., Wen, L.-P., and Fulco, A. J. (1989). Coding nucleotide.
5’regulatory, and deduced amino acid sequences of P-450BM-3, a single peptide
cytochrome P-450: NADPH-P-450 reductase from Bacillus megaterium. J. Biol.
Chem. 264, 10987–10995.
Sadeque, A. J., Fisher, M. B., Korzekwa, K. R., Gonzalez, F. J., and Rettie, A. E.
(1997). Human CYP2C9 and CYP2A6 mediate formation of the hepatotoxin
4-ene-valproic acid. J. Pharmacol. Exp. Ther. 283, 698–703.
Sahoo, D., Quesne, M. G., De Visser, S. P., and Rath, S. P. (2015).
Hydrogen-bonding interactions trigger a spin-flip in iron(III) porphyrin
complexes. Angew. Chem. Int. Ed. 54, 4796–4800. doi: 10.1002/anie.2014
11399
Sahu, S., Quesne, M. G., Davies, C. G., Durr, M. M, Ivanovic´-Burmazovic´, I.,
Siegler, M. A., et al. (2014). Direct observation of a nonheme iron (IV)–oxo
complex that mediates aromatic C–F hydroxylation. J. Am. Chem. Soc. 136,
13542–13545. doi: 10.1021/ja507346t
Sastre, G., Fornes, V., and Corma, A. (2002). On the preferential location of Al and
proton siting in zeolites: a computational and infrared study. J. Phys. Chem. B.
106, 701–708. doi: 10.1021/jp013189p
Saurat, M., and Bringezu, S. (2008). Platinum group metal flows of
europe, part 1. J. Ind. Ecol. 12, 754–767. doi: 10.1111/j.1530-9290.2008.
00087.x
Schilling, M., and Luber, S. (2018). Computational modeling of cobalt-based
water oxidation: current status and future challenges. Front. Chem. 6:100.
doi: 10.3389/fchem.2018.00100
Schlichting, I., Berendzen, J., Chu, K., Stock, A. M., Maves, S. A., Benson, D.
E., et al. (2000). The catalytic pathway of cytochrome P450cam at atomic
resolution. Science. 287, 1615–1622. doi: 10.1126/science.287.5458.1615
Senn, H.M., and Thiel,W. (2007). QM/MM studies of enzymes.Curr. Opin. Chem.
Biol. 11, 182–187. doi: 10.1016/j.cbpa.2007.01.684
Senn, H. M., and Thiel, W. (2009). QM/MM methods for biomolecular systems.
Angew. Chemie Int. Ed. 48, 1198–1229. doi: 10.1002/anie.200802019
Shafiee, S., and Topal, E. (2009). When will fossil fuel reserves be diminished?
Energy Policy. 37, 181–189. doi: 10.1016/j.enpol.2008.08.016
Shaik, S., Kumar, D., and de Visser, S. P. (2008). A valence bond modeling of
trends in hydrogen abstraction barriers and transition states of hydroxylation
reactions catalyzed by cytochrome P450 enzymes. J. Am. Chem. Soc. 130, 14016.
doi: 10.1021/ja806917f
Shaik, S., Kumar, D., de Visser, S. P., Altun, A., and Thiel, W. (2005). Theoretical
perspective on the structure and mechanism of cytochrome P450 enzymes.
Chem. Rev. 105, 2279–2328. doi: 10.1021/cr030722j
Sheldon, R. A. (2014). Green and sustainable manufacture of chemicals from
biomass : state of the art several books on catalysis as well. Green Chem. 16,
950–963. doi: 10.1039/C3GC41935E
Sheldon, R. A. (2016). Green chemistry, catalysis and valorization of waste
biomass. J. Mol. Catal. A Chem. 422, 3–12. doi: 10.1016/j.molcata.2016.01.013
Sherwood, P., de Vries, A. H., Guest, M. F., Schreckenbach, G., Catlow, C. R. A.,
French, A. A., et al. (2003). QUASI: a general purpose implementation of the
QM/MM approach and its application to problems in catalysis. J. Mol. Struct.
Theochem. 632, 1–28. doi: 10.1016/S0166-1280(03)00285-9
Frontiers in Chemistry | www.frontiersin.org 21 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
Siegbahn, E. M., and Crabtree, R. H. (1997). Mechanism of C–H activation by
diiron methane monooxygenases: quantum chemical studies. J. Am. Chem. Soc.
119, 3103–3113. doi: 10.1021/ja963939m
Silaghi-Dumitrescu, R. V., Makarov, S., Uta, M.-M., Dereven’kov, I. A., and
Stuzhin, P. A. (2011). Redox non-innocence of a nitrido bridge in a
methane-activating dimer of iron phthalocyanine. N. J. Chem. 35, 1140–1145.
doi: 10.1039/c0nj00827ct
Silva, P. J. (2016). Refining the reaction mechanism of O2 towards its co-substrate
in cofactor-free dioxygenases. PeerJ. 4:e2805. doi: 10.7717/peerj.2805
Silveri, F., Quesne, M. G., de Leeuw, N. H.., and Richard A, C. (2019).
Hydrogen adsorption on transition metal carbides: a DFT study. Phys. Chem.
Chem. Phys. 21, 5335–5343. doi: 10. 1039/c8cp05975f
Smith, W., Yong, C. W., and Rodger, P. M. (2002). DL_POLY:
application to molecular simulation. Mol. Simul. 28, 385–471.
doi: 10.1080/08927020290018769
Sokol, A. A., Bromley, S. T., French, S. A., Catlow, C. R. A., and Sherwood,
P. (2004). Hybrid QM/MM embedding approach for the treatment of
localized surface states in ionic materials. Int. J. Quantum Chem. 99, 695–712.
doi: 10.1002/qua.20032
Solomon, E. I., Brunold, T. C., Davis, M. I., Kemsley, J. N., Lee, S. K., Lehnert,
N., et al. (2000). Geometric and electronic structure/function correlations in
non-heme iron enzymes. Chem. Rev. 100, 235–350. doi: 10.1021/cr9900275
Solomon, E. I., and Stahl, S. S. (2018). Introduction: oxygen
reduction and activation in catalysis. Chem. Rev. 118, 2299–2301.
doi: 10.1021/acs.chemrev.8b00046
Song, W. J., Ryu, Y. O., Song, R., and Nam, W. (2005). Oxoiron(IV)
porphyrin pi-cation radical complexes with a chameleon behavior in
cytochrome P450 model reactions. J. Biol. Inorg. Chem. 10, 294–304.
doi: 10.1007/s00775-005-0641-9
Sorokin, A. B., Isci, U., Dumoulin, F., and Ahsen, V. (2010). Preparation
of N-bridged diiron phthalocyanines bearing bulky or small electron-
withdrawing substituents. J. Porphyr. Phthalocyanines. 14, 324–334.
doi: 10.1142/S1088424610002069
Sorokin, A. B., Kudrik, V. E., and Bouchu, D. (2008). Bio-inspired oxidation
of methane in water catalyzed by N-bridged diiron phthalocyanine complex,
Chem Commun. 2562–2564. doi: 10.1039/b804405h
Sousa, S. F., Fernandes, P. A., and Ramos, M. J. (2007). General
performance of density functionals. J. Phys. Chem. A. 111, 10439–10452.
doi: 10.1021/jp0734474
Steiner, R. A., Janssen, H. J., Roversi, P., Oakley, A. J., and Fetzner, S. (2010).
Structural basis for cofactor-independent dioxygenation of N-heteroaromatic
compounds at the / -hydrolase fold. Proc. Natl. Acad. Sci. U.S.A. 107, 657–662.
doi: 10.1073/pnas.0909033107
Stephanopoulos, G. (2007). Challenges in engineering microbes for biofuels
production. Science. 315, 801–804. doi: 10.1126/science.1139612
Straathof, A. J. J. (2014). Transformation of biomass into commodity chemicals
using enzymes or cells. Chem. Rev. 114, 1871–1908. doi: 10.1021/cr400309c
Sun, Q., and Liu, Z. (2011). Mechanism and kinetics for methanol synthesis
from CO2/H2over Cu and Cu/oxide surfaces: recent investigations
by first principles-based simulation. Front. Chem. China 6, 164–172.
doi: 10.1007/s11458-011-0250-9
Suntivich, J., Gasteiger, H. A., Yabuuchi, N., Nakanishi, H., Goodenough, J. B.,
and Shao-Horn, Y. (2011). Design principles for oxygen-reduction activity on
perovskite oxide catalysts for fuel cells and metal–air batteries. Nat. Chem. 3,
546–550. doi: 10.1038/nchem.1069
Sutton, J. E., and Vlachos, D. G. (2015). Building large microkinetic models with
first-principles[U+05F3] accuracy at reduced computational cost. Chem. Eng.
Sci. 121, 190–199. doi: 10.1016/j.ces.2014.09.011
Swiderek, K., Javier Ruiz-Pernía, Moliner, V., and Tuñón, I. (2014). Heavy
enzymes-experimental and computational insights in enzyme dynamics. Curr.
Opin. Chem. Biol. 21, 11–18. doi: 10.1016/j.cbpa.2014.03.005
Takahashi, A., Yamaki, D., Ikemura, K., Kurahashi, T., Ogura, T., Hada, M., et al.
(2012). Effect of the axial ligand on the reactivity of the oxoiron (IV) porphyrin
pi-cation radical complex: higher stabilization of the product state relative to
the reactant state. Inorg. Chem. 51, 7296–7305. doi: 10.1021/ic,3006597
Talebian-Kiakalaieh, A., Amin, N. A. S., Najaafi, N., and Tarighi, S. (2018). A review
on the catalytic acetalization of bio-renewable glycerol to fuel additives. Front.
Chem. 6:573. doi: 10.3389/fchem.2018.00573
Tan, H. W., Abdul Aziz, A. R., and Aroua, M. K. (2013). Glycerol production and
its applications as a raw material: a review. Renew. Sustain. Energy Rev. 27,
118–127. doi: 10.1016/j.rser.2013.06.035
Thierbach, S., Bui, N., Zapp, J., Chhabra, S. R., Kappl, R., and Fetzner, S. (2014).
Substrate-assisted O2 activation in a cofactor-independent dioxygenase. Chem.
Biol. 21, 217–225. doi: 10.1016/j.chembiol.2013.11.013
Timmins, A., Quesne, M. G., Borowski, T., and de Visser, S. P. (2018). Group
transfer to an aliphatic bond: a biomimetic study inspired by nonheme iron
halogenases. ACS Catal. 8685–8698. doi: 10.1021/acscatal.8b,01673
Tsai, C.-J., Nussinov, R., Kumar, S., Ma, B., and Hu, Z. (2002). Transition-state
ensemble in enzyme catalysis: possibility, reality, or necessity? J. Theor. Biol.
203, 383–397. doi: 10.1006/jtbi.2000.1097
van der Kamp, M. W., and Mulholland, A. J. (2013). Combined quantum
mechanics/molecular mechanics (QM/MM) methods in computational
enzymology. Biochemistry 52, 2708–2728. doi: 10.1021/bi400215w
Van Der Mynsbrugge, J., Moors, S. L. C., De Wispelaere, K., and Van
Speybroeck, V. (2014). Insight into the formation and reactivity of
framework-bound methoxide species in h-zsm-5 from static and dynamic
molecular simulations. ChemCatChem. 6, 1906–1918. doi: 10.1002/cctc.
201402146
Van Speybroeck, V., Hemelsoet, K., Joos, L., Waroquier, M., Bell, R. G., and
Catlow, C. R. A. (2015). Advances in theory and their application within
the field of zeolite chemistry. Chem. Soc. Rev. 44, 7044–7111. doi: 10.1039/
C5CS00029G
Vines, F., Sousa, C., Liu, P., Rodriguez, J. A., and Illas, F. (2005). A systematic
density functional theory study of the electronic structure of bulk and
(001) surface of transition-metals carbides. J. Chem. Phys. 122:174709.
doi: 10.1063/1.1888370
Vreven, T., and Morokuma, K. (2006). Chapter 3 hybrid methods:
ONIOM(QM:MM) and QM/MM. Annu. Rep. Comput. Chem. 2, 35–51.
doi: 10.1016/S1574-1400(06)02003-2
Walker, M., Harvey, A. J. A., Sen, A., and Dessent, C. E. H. (2013). Performance of
M06, M06-2X, and M06-HF density functionals for conformationally flexible
anionic clusters: M06 functionals perform better than B3LYP for a model
system with dispersion and ionic hydrogen-bonding interactions. J. Phys.
Chem. A. 117, 12590–12600. doi: 10.1021/jp408166m
Wang, C., Liu, Y., Li, S., Guan,W., Lu, X., Yan, J., et al. (2014). Hydrogen peroxide-
independent production of α-alkenes by OleTJE P450 fatty acid decarboxylase.
Biotechnol. Biofuels. 7:28. doi: 10.1186/1754-6834-7-28
Wang, F., Xia, C., De Visser, S. P., and Wang, Y. (2019). How does the
oxidation state of palladium surfaces affect the reactivity and selectivity of
direct synthesis of hydrogen peroxide from hydrogen and oxygen gases? A
Density Functional Study. J. Am. Chem. Soc. 141, 901–910. doi: 10.1021/jacs.
8b10281
Wang, J., Wolf, R. M., Caldwell, J. W., Kollman, P. A., and Case, D. A. (2004).
Development and testing of a general amber force field. J. Comput. Chem. 25,
1157–1174. doi: 10.1002/jcc.20035
Wang, Z. H., Wang, C. Y., and Chen, K. S. (2001). Two-phase flow and transport
in the air cathode of proton exchange membrane fuel cells. Power Sources J. 94,
40–50. doi: 10.1016/S0378-7753(00)00662-5
Warshel, A., and Levitt, M. (1976). Theoretical studies of enzymic
reactions: dielectric, electrostatic and steric stabilization of the
carbonium ion in the reaction of lysozyme. J. Mol. Biol. 103, 227–249.
doi: 10.1016/0022-2836(76)90311-9
Wells, S. A., and Sartbaeva, A. (2015). GASP: software for geometric simulations
of flexibility in polyhedral and molecular framework structures.Mol. Simul. 41,
1409–1421. doi: 10.1080/08927022.2015.1032277
Wen, X., Wang, J. S., Kivisto, K. T., Neuvonen, P. J., and Backman, J. T.
(2001). In vitro evaluation of valproic acid as an inhibitor of human
cytochrome P450 isoforms: preferential inhibition of cytochrome P450 2C9
(CYP2C9). Br. J. Clin. Pharmacol. 52, 547–553. doi: 10.1046/j.0306-5251.2001.
01474.x,
Wettstein, S. G., Martin Alonso, D., Gürbüz, E. I., and Dumesic, J. A. (2012). A
roadmap for conversion of lignocellulosic biomass to chemicals and fuels. Curr.
Opin. Chem. Eng. 1, 218–224. doi: 10.1016/j.coche.2012.04.002
Widmann, D., and Behm, R. J. (2014). Activation of Molecular Oxygen and the
nature of the active oxygen species for CO oxidation on oxide supported Au
catalysts. Acc. Chem. Res. 47, 740–749. doi: 10.1021/ar400203e
Frontiers in Chemistry | www.frontiersin.org 22 April 2019 | Volume 7 | Article 182
Quesne et al. Catalysis by Design: A Theoretical View-Point
Wójcik, A., Radon, M., and Borowski, T. (2016). Mechanism of O2 activation by
α-ketoglutarate dependent oxygenases revisited. AQuantum Chemical Study. J.
Phys. Chem. A. 120, 1261–1274. doi: 10.1021/acs.jpca.5b12311
Wojdyła, Z., and Borowski, T. (2016). DFT study of the mechanism of
manganese quercetin 2,3-dioxygenase: quest for origins of enzyme unique
nitroxygenase activity and regioselectivity. J. Biol. Inorg. Chem. 21, 475–489.
doi: 10.1007/s00775-016-1356-9
Wojdyla, Z., and Borowski, T. (2018). On how the binding cavity of AsqJ
dioxygenase controls the desaturation reaction regioselectivity: a QM/MM
study. J. Biol. Inorg. Chem. 23, 795–808. doi: 10.1007/s00775-018-1575-3
Xie, Z., Sui, Y., Buckeridge, J., Catlow, C. R. A., Keal, T. W., Sherwood, P., et al.
(2017). Demonstration of the donor characteristics of Si and O defects in
GaN using hybrid QM/MM. Phys. Status Solidi Appl. Mater. Sci. 214:1600445.
doi: 10.1002/pssa.201600445
Yang, C.-J. (2009). An impending platinum crisis and its implications
for the future of the automobile. Energy Policy. 37, 1805–1808.
doi: 10.1016/j.enpol.2009.01.019
Yang, T., Quesne, M. G., Neu, H. M., Reinhard, F. G. C., Goldberg, D. P., and De
Visser, S. P. (2016). Singlet versus triplet reactivity in an Mn(V)-oxo species:
testing theoretical predictions against experimental evidence. J. Am. Chem. Soc.
138, 12375–12386. doi: 10.1021/jacs.6b05027
Yoshizawa, K., Kamachi, T., and Shiota, Y. (2001). A theoretical study of
the dynamic behavior of alkane hydroxylation by a compound I model of
cytochrome P450. J. Am. Chem. Soc. 123, 9806–9816. doi: 10.1021/ja010593t
Yu, J., Xie, L. H., Li, J. R., Ma, Y., Seminario, J. M., et al. (2017). CO2 capture and
separations using MOFs: computational and experimental studies. Chem. Rev.
117, 9674–9754. doi: 10.1021/acs.chemrev.6b00626
Zanghellini, A., Jiang, L., Wollacott, A. M., Cheng, G., Meiler, J., and Althoff,
E. A. et al. (2006). New algorithms and an in silico benchmark for
computational enzyme design. Protein Sci. 15, 2785–2794. doi: 10.1110/ps.062
353106
Zhang, G. X., Reilly, A. M., Tkatchenko, A., and Scheﬄer, M. (2018). Performance
of various density-functional approximations for cohesive properties of 64 bulk
solids. N. J. Phys. 20:063020. doi: 10.1088/1367-2630/aac7f0
Zhang, J., Sasaki, K., Sutter, E., and Adzic, R. A. (2007). Science and U. Stabilization
of platinum oxygen-reduction electrocatalysts using gold clusters, Science. 315,
220–222. doi: 10.1126/science.1134569
Zhao, Z. J., Chiu, C. C., and Gong, J. (2015). Molecular understandings on the
activation of light hydrocarbons over heterogeneous catalysts. Chem. Sci. 6,
4403–4425. doi: 10.1039/C5SC01227A
Zheng, L., Su, H., Zhang, J., Walekar, L. S., Vafaei Molamahmood, H.,
Zhou, B., et al. (2018). Highly selective photocatalytic production of
H2O2on sulfur and nitrogen co-doped graphene quantum dots tuned
TiO2. Appl. Catal. B Environ. 239, 475–484. doi: 10.1016/j.apcatb.2018.
08.031
Zhu, C. R., Gao, D., Ding, J., Chao, D., and Wang, J. (2018). TMD-based
highly efficient electrocatalysts developed by combined computational and
experimental approaches. Chem. Soc. Rev. 47, 4332–4356. doi: 10.1039/C7CS
00705A
Zilly, F. E., Acevedo, J. P., Augustyniak, W., Deege, A., Hausig, U. W., and Reetz,
M. T. (2011). Tuning a p450 enzyme for methane oxidation. Angew. Chem. Int.
Ed. 50, 2720–2724. doi: 10.1002/anie.201006587
Zygmunt, S. A., Mueller, R. M., Curtiss, L. A., and Iton, L. E. (1998).
An assessment of density functional methods for studying molecular
adsorption in cluster models of zeolites. J. Mol. Struct. Theochem. 430, 9–16.
doi: 10.1016/S0166-1280(98)90205-6
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Quesne, Silveri, de Leeuw and Catlow. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Chemistry | www.frontiersin.org 23 April 2019 | Volume 7 | Article 182
